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LEYDEN GAS STORAGE 
L&U ESTIMATE CALCULATION 

10/5/90

0^1 -007(71

Estimated remaining gas in void storage;

8.42 MMCF/psig X 69 psig = 0.58 BCF 

Estimated recoverable gas in formation + 0.4 BCF

Estimated remaining total recoverable
gas in storage 0.98 BCF

A stabilized cavern pressure was not extrapolated, but the
0.4 BCF is assumed to include the gas volume associated with 
pressure stabilization. This 0.4 BCF is equivalent to a 48 psig 
increase in cavern pressure (8.42 MMCF/psig x 48 psig = .4 BCF). 
The 0.4 BCF is probably optimistic, but is a reasonable figure 
to use with this quick calculation method.

Book remaining vol 1.6 BCF
Calc est remain vol 0.98 BCF

Potential L&U 0.62 BCF
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LEYDEN GAS STORAGE 
L&U ESTIMATE CALCULATION 

10/5/90 

Estimated remaining gas in void storage; 

0 -

8 . 42 MMCF/psig X 69 psig = 0 . 58 BCF 

Estimated recoverable gas in formation 

Estimated remaining total recoverable 
gas in storage 

+ 0 . 4 BCF 

0 . 98 BCF 

A stabilized cavern pressure was not extrapolated, but the 
0 . 4 BCF is assumed to include the gas-volume associated with 
pressure stabilization . This 0.4 BCF is equivalent to a 48 psig 
increase in cavern pressure (8 . 42 MMCF/psig x 48 psig = . 4 BCF) . 
The 0 . 4 BCF is probably optimistic, but is a reasonable figure 
to use with this quick calculation method. 

Book remaining vol 
Cale est remain vol 

Potential L&U 
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'/EAR INJECTION WITHDRAWAL /nw>c v/tH I'tvfvX V

1963 1221265 466096.
1964 2555422 2367484
1965 4240333 3965501
1966 2793165 2904758
1967 2492612 2874759
1968 2513323• 2345001
1969 3372195 . 2886755
1970 2371900 1951494
1971 1225805 1088610
1972 2441378 2570220
1973 1997856 1772579
1974 2526165 2446193
1975 3178862 3051850
1976 2706279 2707792
1977 3053997 2865967
1978 3299630 3763276
1979 3942511 3246.330
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BROWSE - T0509.GASSSOUT -------------------------------- LINE 00000161 COL 001
080
COMMAND ===> SCROLL ===> CSR

** SOLUTION TOLERANCES **

NODE FLOW (UNITS GIVEN ABOVE) 0.0010
UNKNOWN CORRECTION (DIMENSIONLESS) 0.010000 
MAXIMUM NUMBER OF ITERATIONS 20 
* ***** * PIPE SIZE SUMMARY

<— _S T'df^

NOMINAL TOTAL
INCHES COUNT FEET
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23
?

1

5
5 
2

6

F1=HELP
F7=UP

200.00
1250.00
10729.99
3580.00
6799.99
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F2=SPLIT
F8=DOWN
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BROWSE -- T0509.GASSSOUT --------------------------- LINE 00000161 COL 001 
080 
COMMAND ===> SCROLL ===> CSR 

** SOLUTION TOLERANCES ** 

NODE FLOW (UNITS GIVEN ABOVE) 0.0010 
UNKNOWN CORRECTION (DIMENSIONLESS) 0.010000 
MAXLMUM NUMBER OF ITERATIONS 20 
* * * * * * * PIPE SIZE SUMMARY * * * * * * * * c. o µ Vrfil-r-

NOMINAL TOTAL / 
INCHES COUNT FEET A-9'Svtl\l-3' .£e.N~ '-10 VoLuM~ 

1 
1 

6 
8 
10 
12 

5 
5 

20 2 
23 p_y'~ 6 

< 

~ " 
200.00 6,0~ S .1--'.b 

1250.00 7-- I qe 1 
10729.99 ID. O ?..O 
3580,00 j ) I C, s8 
6799.99 ,~, ~ J 1.. 

11500.00 - 21, {26 

Fl=HELP F2=SPLIT F3=END F4=RETIJRN F5=RFIND F6=RCHANGE 
F7=UP F8=DOWN F9=SWAP Fl0=LEFT Fll=RIGHT F12=RETRIEVE 
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TECHNOLOGY

Gas-storage 
calculations yield 
accurate cavern, 

inventory data
R. G. Mason

Transcontinental Gas 
Pipeline Corp.

Houston

Determining gas-storage 
cavern size and inventory 
variance is now possible with 
calculations based on shut-in 
cavern surveys.

The method is the least 
expensive of three major 
methods and is quite accu­
rate when recorded over a 
period of time.

Measurement methods

Several methods exist to 
determine gas-storage cav­
ern size and inventory vari­
ance. Among these are direct 
measurement by sonar sur­
vey, direct measurement by 
water fill, and volume calcula­
tion from data furnished by 
shut-in surveys.

The method of direct mea­
surement is the most accu­
rate but is also expensive, 
requiring a sonar log or cav­
ern degasing. Until recently, 
the cavern had to be filled 
with water to conduct the so­
nar survey.

The sonar device, which 
measures the time of return

of sound waves reflected 
from the cavern wall, can 
also be used to determine 
void space behind the cas­
ing. This measurement is in­
accurate if a cement sheath

covers the casing, which is 
usually the case in wells 
completed with high-quality 
techniques.

The cavern size can also 
be directly measured by the 
cavern being degased 
through means of a water fill. 
This method is not as accu­
rate as the sonar because of 
a chance of measurement er­
ror between the amount of 
injected water and withdrawn 
gas.

The method may cost 
$100,000 to $1 million be­
cause most gas-storage cav­
erns hold more than 1 million 
bbl in volume, and water fill 
may cost $0.10-1.00/bbl. 
Thus, water fill is usually re­
served for well maintenance 
which can only be achieved 
by killing the well.

The final method involves 
the calculation of inventory 
and cavern size from subsur­
face data taken during shut- 
in surveys.

This method is the least 
expensive, involving a rela­
tively small amount of down 
time and inexpensive logging 
costs. And it is quite accurate 
when recorded over a period 
of time.

Fig. 1

Inventory variance
Many salt caverns in the 

U.S. that are used to store 
natural gas at high pressures 
experience unaccounted for 
gas losses (inventory vari­
ance) and salt creep (cavern 
shrinkage).

An inventory variance can 
be the result of gas migration 
or poor measurement prac­
tices. But, because salt cav­
erns tend to be self-healing at 
the salt-casing contact as a 
result of the plasticity of salt 
at high temperatures and 
pressures, most inventory 
variances can be traced to 
poor measurement practices.

It should be noted, how­
ever, that gas migration 
caused by leaking tubulars 
above the salt stock has also 
been documented. This phe­
nomenon occurs when the 
cement sheath is of poor 
quality and the sealing integ­
rity of the collars has been 
compromised. Gas leaking in 
this manner may migrate to 
shallow low-pressure sands 
or escape at the surface.

Cavern shrinkage is a phe­
nomenon caused by the plas­
tic motion of the salt stock 
(Fig. 1). Such shrinkage is at 
a minimum when cavern 
pressure is at a maximum. 
Historical operating data 
have shown, however, that 
caverns can and will shrink at 
high storage pressures and, 
to a lesser degree, when 
filled with water.

The shrinkage occurs 
when the cavern pressure is 
less than that of the lithostatic 
pressures, the pressure 
caused by the weight of the 
salt and rock above the cav­
ern and measured as slightly 
less than 1 psi/ft.

Cavern shrinkage can be 
monitored and to some ex­
tent limited by sound operat­
ing practices. General stor­
age operations will cause 
cavern shrinkage due to the 
lower pressures associated 
with withdrawal activities. 
The maintenance of high 
cavern pressures, however, 
combined with shallow leach­
ing depths and retention of 
cavern shape are factors 
used to limit shrinkage.

PSC 039894
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Gas-storage 
calculations yield 
accurate cavern, 

inventory data 
R. G. Mason 

Transcontinental Gas 
Pipeline Corp. 

Houston 

of sound waves reflected 
from the cavern wall, can 
also be used to determine 
void space behind the cas­
ing. This measurement is in­
accurate if a cement sheath 

covers the casing, which is 
usually the case in wells 
completed with high-quality 
techniques. 

The cavern size can also 
be directly measured by the 
cavern being degased 
through means of a water fill , 
This method is not as accu­
rate as the sonar because of 
a chance of measurement er­
ror between the amount of 
injected water and withdrawn 
gas. 

The method may cost 
$100,000 to $1 million be­
cause most gas-storage cav­
erns hold more than 1 million 
bbl in volume, and water fill 
may cost $0.10-1.00/bbl. 
Thus, water fill is usually re­
served for well maintenance 
which can only be achieved 
by killing the well. 

The final method involves 
the calculation of inventory 
and cavern size from subsur­
face d_ata taken during shut­
in surveys. 

This method is the least 
expensive, involving a rela­
tively small amount of down 
time and inexpensive logging 
costs. And it is quite accurate 
when recorded over a period 
of time. 

Fig. 1 

Determining gas-storage 
cavern size and inventory 
variance is now possible with 
calculations based on shut-in 
cavern surveys. 

Salt dome gas-storage cavern* 
The method is the least 

expensive of th ree major 
methods and is quite accu­
rate when recorded over a 
period of time. 

Measurement methods 
Several methods exist to 

determine gas-storage cav­
ern size and inventory vari­
ance. Among these are direct 
measurement by sonar sur­
vey, direct measurement by 
water fill, and volume calcula­
tion from data furnished by 
shut-in surveys. 

The method of direct mea­
surement is the most accu­
rate but is also expensive, 
requiring a sonar log or cav­
ern degasing. Until recently, 
the cavern had to be filled 
with water to conduct the so­
nar survey. 

The sonar device, which 
measures the ime of return 
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Inventory variance 
Many salt caverns in the 

U.S. that are used to store 
natural gas at high pressures 
experience unaccounted for 
gas losses (inventory vari­
ance) and salt creep (cavern 
shrinkage). 

An inventory variance can 
be the result of gas migration 
or poor measurement prac­
tices. But, because salt cav­
erns tend to be self-healing at 
the salt-casing contact as a 
result of the plasticity of salt 
at high temperatures and 
pressures, most inventory 
variances can be traced to 
poor measurement practices. 

It should be noted, how­
ever, that gas migrat ion 
caused by leaking tubulars 
above the salt stock has also 
been documented. This phe­
nomenon occurs when the 
cement sheath is of poor 
quality and the sealing integ­
rity of the collars has been 
compromised. Gas leaking in 
this manner may migrate to 
shallow low-pressure sands 
or escape at the surface. 

Cavern shrinkage is a phe­
nomenon caused by the plas­
tic motion of the salt stock 
(Fig. 1 ). Such shrinkage is at 
a minimum when cavern 
pressure is at a maximum. 
Historical operating data 
have shown, however, that 
caverns can and will shrink at 
high storage pressures and, 
to a lesser degree, when 
filled with water. 

The shrinkage occurs 
when the cavern pressure is 
less than that of the lithostatic 
pressures, the pressure 
caused by the weight of the 
salt and rock above the cav­
ern and measured as slightly 
less than 1 psi/ft. 

Cavern shrinkage can be 
monitored and to some ex­
tent limited by sound operat­
ing practices. General stor­
age operations will cause 
cavern shrinkage due to the 
lower pressures associated 
with withdrawal activities. 
The maintenance of high 
cavern pressures, however, 
combined with shallow leach­
ing depths and retention of 
cavern shape are factors 
used to limit shrinkage. 
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and inventory, as demon­
strated here, are arrived at in 
much the same manner as 
inventory verification in a po­
rous reservoir. In addition, 
the same general shut-in pro­
cedure and material balance 
calculations are applied.

Cavern-sizing surveys are 
basic studies which produce 
information used to deter­
mine the volume of space in 
a salt cavern.

As previously noted, there 
are three methods used to 
discover cavern volume. Di­
rect measurement requires 
the use of sonars introduced 
into the cavern by electric 
wire line, while degasing re­
quires filling the cavern with

water; both of these methods 
are expensive.

The third method, using 
subsurface data to calculate 
cavern volume, is the least 
expensive and very accurate 
when used with valid reser­
voir-engineering techniques.

Compilations and compari­
sons of survey results will 
allow the operating company 
time to make sound deci­
sions concerning well bore 
and cavern maintenance with 
comparatively inexpensive 
logging instruments and wire 
line equipment. Cavern-siz­
ing surveys that produce data 
used to calculate cavern size 
utilize temperature and pres­
sure bombs introduced into 
the cavern on a slickline. 
These data and the resulting

calculations are used to esti­
mate inventory variance and 

cavern creep.
Cavem-sizing surveys in­

volve two shut-ins and an in­
jection or withdrawal of a fi­
nite volume of gas. The initial 
and final temperatures, pres­
sures, Z factors, and injec­
ted/withdrawn volumes are 
data, which, when introduced 
into a material balance equa­
tion, produce a reasonable 
estimation of cavern size. 
This measurement and ac­
companying pressure and 
temperature data are then 
employed to estimate cavern 
inventory.

Procedure
Essential to the subsurface 

method are consistent proce­

dural practices.
This procedure compares 

results of calculations from 
data obtained during sizing 

surveys.
A condition for comparison 

is analogous data. Therefore, 
the shut-in survey should al­
ways follow the same operat­
ing cycle, injection or with­
drawal.

In this way, the procedure 
will generate data which 
produce a reliable trend 
with reproducible results 
when each survey is 
graphed over an extended 
period of time.

Another consideration for 
consistent practices is the 
amount of shut-in time before 
the down-hole surveys are 
conducted. A certain amount
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strated here, are arrived at in 
much the same manner as 
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water; both of these methods 
are expensive. 

The third method, using 
subsurface data to calculate 
cavern volume, is the least 
expensive and very accurate 
when used with valid reser­
voir-engineering techniques. 

Compilations and compari­
sons of survey results will 
allow the operating company 
time to make sound deci­
sions concerning well bore 
and cavern maintenance with 
comparatively inexpensive 
logging instruments and wire 
line equipment. Cavern-siz­
ing surveys that produce data 
used to calculate cavern size 
utilize temperature and pres­
sure bombs introduced into 
the cavern on a slickline. 
These data and the resulting 

calculations are used to esti­
mate inventory variance and 
cavern creep. 

Cavern-sizing surveys in­
volve two shut-ins and an in­
jection or withdrawal of a fi­
nite volume of gas. The initial 
and final temperatures, pres­
sures, Z factors, and injec­
ted/withdrawn volumes are 
data, which, when introduced 
into a material balance equa­
tion, produce a reasonable 
estimation of cavern size. 
This measurement and ac­
companying pressure and 
temperature data are then 
employed to estimate cavern 
inventory. 

Procedure 
Essential to the subsLirface 

method are consistent proce-

dural practices. 
This procedure compares 

results of calculations from 
data obtained during sizing 
surveys. 

A condition for comparison 
is analogous data. Therefore, 
the shut-in survey should al­
ways follow the same operat­
ing cycle, injection or with­
drawal. · 

In this way, the procedure 
will generate data which 
produce a reliable trend 
with reproducible results 
when each survey is 
graphed over an extended 
period of time. 

Another consideration for 
consistent practices is the 
amount of shut-in time before 
the down-hole surveys are 
conducted. A certain amount 
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of time must be allotted for 
the cavern pressure to stabi­
lize.

The stabilization period 
varies due to the size, shape, 
and depth of the caverns. 
Generally, the time required 
to allow the cavern pressure 
to stabilize may be predicted 
by a graph of the daily well­
head pressures and observa­
tion of an asymptotic curve 
trend.

Rg. 2 shows examples of 
near stabilized shut-in peri­
ods. It is worth noting, how­
ever, that the cavern is usual­
ly shut-in for a period of time 
that depends upon pipeline 
operating conditions. An ur­
gent need for gas may dictate 
an early end to field shut-in 
time.

As with all surveys utilizing 
measured quantities from 
use of mechanical instru­
ments, some measurement 
error will exist. Errors intro­
duced into the formula due to 
data gathering will not allow 
direct comparisons with mea­
sured volumes.

The data will always have 
some margin of error due to 
the operating conditions of 
the caverns, with the greatest 
data errors doubtlessly exist­
ing in the temperature re­
cordings. With the best of log 
data, the accuracy of the cal­
culations will be no better 
than approximately 5% and 
with obvious errors in data, 
the inaccuracy will range to 
100% or more. This range of 
error percentage produces

clear evidence that sound en­
gineering procedures must 
be practiced.

Application

Preplanning is essential for 
a successful shut-in survey 
because cooperation from 
gas control, field operations, 
and storage engineering de­
partments is integral. Opera­
tions must be coordinated to 
prepare the caverns for shut- 
in.

The cavern may then be 
shut-in and allowed to stabi­
lize before downhole tem­
perature and pressure sur­
veys are conducted. This is 
necessary to obtain the most 
accurate data possible.

Gas is then injected or 
withdrawn, depending on the

inventory status. It is not nec­
essary completely to with­
draw to base gas or fill the 
cavern. An injection or with­
drawal of a volume of gas 
approximately equal to 15% 
of the total cavern volume is, 
however, suggested to pro­
duce acceptable results.

The cavern is then shut-in 
a second time and allowed to 
stabilize.

A final bottomhole survey 
must now be conducted to 
obtain the final data neces­
sary for inclusion in the mate­
rial balance equation. The re­
sult yielded by the equation is 
the pore volume of the cav­
ern.

Some manipulation of the 
material balance equation is 
involved to obtain cavern size
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of time must be allo ed for 
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Application 
Preplanning is essential for 

a successful shut-in survey 
because cooperation from 
gas control, field operations, 
and storage engineering de­
partments is integral. Opera­
tions must be coordinated to 
prepare the ca ems for shut­
in. 

The cavern may then be 
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lize before downhole tem­
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veys are conducted. This is 
necessary to obtain he most 
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inventory status. It is not nec­
essary completely to with­
draw to base gas or fill the 
cavern. An Injection or with­
drawal of a volume of gas 
approximately equal to 15°~ 
of the total cavern volume is, 
however, suggested to pro­
duce acceptable resu s. 

The cavern is then shut-in 
a second time and allowed to 
stabilize. 

A "i al bo omhole survey 
must now be conduc ed o 
obtain the final data neces­
sary for inclusion in the mate­
rial balance equation. The re­
sult yielded by the equation is 
he pore volume of he cav­
ern. 

Some manipula ,on of the 
material balance equation 1s 
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and inventory. It is helpful to 
point out that the caverns are 
not identical in size at every 
survey because some shrink­
age always occurs. Pore vol­
ume must, therefore, always 
be recalculated for each 
shut-in period.

This is slightly different 
from a depleted gas-storage 
field, with no water drive or 
other externally induced drive 
force, in that pore volume of 
the depleted field may be as­
sumed constant. The initial 
calculation as discussed will 
reestablish pore volume for 

every survey.
Inventory verification may 

then be established at cur­
rent conditions for compari­
son with measured volumes 
to estimate possible vari­
ance. For estimation of cav­
ern shrinkage, cavern volume 
must be established at origi­
nal maximum operating tem­
perature and pressure for 
comparison with past cavern 
sizes. Each formula as dis­
cussed will determine the 
necessary criteria success­
fully to complete the sizing 

surveys.
The pore volume obtained 

from the calculations may be 
utilized to calculate an esti­
mate of the gas in place at 
current operating conditions 
to reveal inventory variance 
and at original maximum con­
ditions to reveal cavern 
shrinkage.

Data gathering

Primary data are collected 
at time zero or initial shut-in. 
Wellhead pressure is record­
ed at regular time intervals to 
ascertain cavern stabilization 
because wellhead pressures 
depend on cavern pressures 
and respond to downhole 
stabilization. Wellhead tem­
peratures, on the other hand, 
follow ambient surface tem­
peratures and tend to re­
spond to weather patterns.

Stabilization time for cav­
ern temperature is much 
longer than that for cavern 
pressure. Due to the volume 
of the cavern envelope and 
relatively small amount of 
contact area at the cavern 
walls, the temperature of the 
gas may take several months 
to reach that of the surround­
ing rock.

Hence, bottomhole tem­
perature data cannot be cal­

Table 1

Data from bottomhole surveys

Beginning pressure
Beginning iemperature
Beginning Z-factor
Gas volume injected
Ending pressure
Ending temperature
Ending Z-factor
Original gas formation volume factor

3,142 psia
598.5" R.
0.8933
196,529 Mcf
3,909 psia
617.6" R.
0.9427
1.379 Mcf,bbl

Table 2

Calculations’ results

Pore volume 6,649,592 cu ft 
1,184,339 bbl ■’

Indicated gasm-ptace 
Maximum volume

1,576.067,995 cu ft
1,633,203 Mcf

culated with surface read­
ings. Since cavern tempera­
ture at a given depth does not 
parallel gradients, surface 
readings prove inaccurate. 
As such, calculations with 
gradient equations and which 
use surface readings are 
useless.

Consider a comparison 
with a depleted gas-storage 
reservoir. The gas touches 
an infinite area of the host 
rock through contact with the 
interstices of the sandstone 
or vugular spaces of carbon­
ate reservoirs.

The contact area tends to 
reduce the time necessary

for the gas to reach a tem­
perature corresponding to a 
regional gradient. Because 
there are no interstices' con­
tact points in a salt cavern, 
the stabilization time for tem­
perature is too long to con­
form to a reasonable shut-in 
period.

The temperature of the 
stored gas, therefore, is a 
function of the operation, in­
jection or withdrawal, not 
time intervals functionally tied 
to the geology (Fig. 3). Oper­
ating history has shown that 
temperature is a separate 
function for the injection or 
withdrawal operation at

Equations
.. ■ «j

VWK — -Wp ov .

. P„ T, • Z, T} « Z, ; , .

\ •- '
wherer
•.'•**/, • •"* • ‘ .S: «:••• $• r.

Vm - Volume ot gas injected/wittidrawn, cu ft 
VP - Pore volume of resen^r. cu ft
Tb = Base temperature, "R.
Pp = Base pressure, psia

• • / T l I p I<*»• f*j • jfz|-•••:

where: nay
Vc - Capacity at desired condition, cu ft 
p ' ' m-' Pressure at desired condition, psia 
j m Temperature at desired condition; *R.. 
Z - Z-factor at desired condition

Vp • Bg Vm

Port volume ol reservoir, bbl 
Gas formation volume factor @ original maximum 
conditions, Mcf/bbl 

Vm = Maximum volume, Met

Vp
Bg

“near-time” intervals and is 
directly related to the ongoing 
or recently completed stor­
age operation.

Temperatures following an 
injection cycle are warmer, 
and temperatures following a 
withdrawal cycle are cooler 
than gradient temperatures. 
These temperatures will sta­
bilize to gradient temperature 
after a long period of time, 
much longer than practical 
for a shut-in survey. There­
fore, temperature data for 
calculations are said to be 
“near-time" dependent, gov­
erned by the storage opera­
tion.

Cavern shape functionally 
affects the temperature of the 
gas in the cavern (Fig. 3). 
Spherically shaped caverns 
yield temperatures which 
tend to cool as depths in­
crease after an injection peri­
od. Cylindrical^ shaped cav­
erns, on the other hand, yield 
temperatures which remain 
relatively constant over the 
entire depth interval.

All cavern temperatures 
tend to remain constant, 
however, after a withdrawal 
exercise over the entire 
depth range.

Temperature and pressure 
data should be taken at sev­
eral intervals to obtain an av­
erage over the entire cavern 
interval. An arithmetic aver­
age may be used for cylindri- 
cally shaped caverns. But a 
geometrical average is used 
for spherically shaped cav­
erns because of the changes 
in diameter.

An interesting condition ex­
ists near the bottom of all 
caverns surveyed. The re­
maining water pool at the 
cavern bottom has a tem­
perature which is usually 
cooler than the gas tempera­
ture. As shown in Fig. 4, the 
temperature drop begins be­
low 5,750 ft for spherically 
shaped caverns and below 
6,100 ft for cylindrical^ 
shaped caverns.

Continued recordings of 
temperature and pressure 
while the instruments are in 
contact with the water will 
affect the average tempera­
ture and pressure of the cav­
ern. Thus, the operator must 
not use temperature and 
pressure data obtained while 
the instruments are in contact 
with the water.
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and inveritory. It is helpful to 
point out that the caverns are 
not identical in size at every 
survey because some shrink­
age always occurs. Pore vol­
ume must, therefore, always 
be recalculated for each 
shut-in period. 

This is slightly different 
from a depleted gas-storage 
field, with no water drive or 
other externally induced drive 
force, in that pore volume of 
the depleted field may be as­
sumed constant. The initial 
calculation as discussed will 
reestablish pore volume for 
every survey. 

Inventory verification may 
then be established at cur­
rent conditions for compari­
son with measured volumes 
to estimate possible vari­
ance. For estimation of cav­
ern shrinkage, cavern volume 
must be established at origi­
nal maximum operating tem­
perature and pressure for 
comparison with past cavern 
sizes. Each formula as dis­
cussed will determine the 
necessary criteria success­
fully to complete the sizing 
surveys. 

The pore volume obtained 
from the calculations may be 
utilized to calculate an esti­
mate of the gas in place at 
current operating conditions 
to reveal inventory variance 
and at original maximum con­
ditions to reveal cavern 
shrinkage. 

Data gathering 
Primary data are collected 

at time zero or initial shut-in. 
Wellhead pressure is record­
ed at regular time intervals to 
ascertain cavern stabilization 
because wellhead pressures 
depend on cavern pressures 
and respond to downhole 
stabilization. Wellhead tem­
peratures, on the other hand, 
follow ambient surface tem­
peratures and tend to re­
spond to weather patterns. 

Stabi lization time for cav­
ern temperature is much 
longer than that for cavern 
pressure. Due to the volume 
of the cavern envelope and 
relatively small amount of 
contact area at the cavern 
walls, the temperature of the 
gas may take several months 
to reach that of the surround­
ing rock. 

Hence, bottomhole tem­
perature data cannot be cal-
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Beginning pressure 
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0.8933 
196,529 Mcf 
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Table 2 

Calculations 1 results 

Pore volume 

Indicated gas-in-place 
Maximum volume 

culated with surface read­
ings. Since cavern tempera­
ture at a given depth does not 
parallel gradients, surface 
readings prove inaccurate. 
As such, calculations with 
gradient equations and which 
use surface readings are 
useless. 

Consider a comparison 
with a depleted gas-storage 
reservoir. The gas touches 
an infinite area of the host 
rock through contact with the 
interstices of the sandstone 
or vugular spaces of carbon­
ate reservoirs. 

The contact area tends to 
reduce the time necessary 
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for the gas to reach a tem­
perature corresponding to a 
regional gradient. Because 
there are no interstices' con­
tact points in a salt cavern, 
the stabilization time for tem­
perature is too long to con­
form to a reasonable shut-in 
period. 

The temperature of the 
stored gas, therefore, is a 
function of the operation, in­
jection or withdrawal, not 
time intervals functionally tied 
to the geology (Fig. 3). Oper• 
ating history has shown that 
temperature is a separate 
function for the injection or 
withdrawal operation at 
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"near-time" intervals and is 
directly related to the ongoing 
or recently completed stor­
age operation. 

Temperatures following an 
injection cycle are warmer, 
and temperatures following a 
withdrawal cycle are cooler 
than gradient temperatures. 
These temperatures will sta­
bilize to gradient temperature 
after a long period of time, 
much longer than practical 
for a shut-in survey. There­
fore, temperature data for 
calculations are said to be 
"near-time" dependent, gov­
erned by the storage opera­
tion. 

Cavern shape functionally 
affects the temperature of the 
gas in the cavern (Fig. 3). 
Spherically shaped caverns 
yield temperatures which 
tend to cool as depths in­
crease after an injection peri­
od. Cylindrically shaped cav­
erns, on the other hand, yield 
temperatures which remain 
relatively constant over the 
entire depth interval. 

All cavern temperatures 
tend to remain constant, 
however, after a withdrawal 
exercise over the entire 
depth range. 

Temperature and pressure 
data should be taken at sev­
eral intervals to obtain an av­
erage over the entire cavern 
interval. An arithmetic aver-
age may be used for cylindri­
cally shaped caverns. But a 
geometrical average is used 
for spherically shaped cav­
erns because of the changes 
in diameter. 

An interesting condition ex­
ists near the bottom of all 
caverns surveyed. The re­
maining water pool at the 
cavern bottom has a tem­
perature which is usually 
cooler than the gas tempera­
ture. As shown in Fig. 4, the 
temperature drop begins be­
low 5,750 ft for spherically 
shaped caverns and below 
6,100 ft for cylindrically 
shaped caverns. 

Continued recordings of 
temperature and pressure 
while the instruments are in 
contact with the water will 
affect the average tempera­
ture and pressure of the cav­
ern. Thus, the operator must 
not use temperature and 
pressure data obtained while 

Vm • Maidmum volume, Met , the instruments are in contact 
with the water. 
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This situation is avoidable 
because the interface can be 
identified by the sudden tem­
perature change.

Survey data; calculations

The equations presented 
calculate the gas in place 
(GIP) for inventory verifica­
tion and the maximum vol­
ume to determine cavern 
shrinkage. The data obtained 
in the cavern surveys are giv­
en in Table 1; the results of 
the calculations are present­
ed in Table 2.

These results (Figs. 5 and 
6) indicate the trend in inven­
tory and cavern size neces­
sary to determine variance 
and shrinkage.

Graphical results depict 
surveys which have been 
conducted over a period of 
several years. As seen in Fig. 
5, the results do not produce 
a smooth line graph because 
of changing cavern condi­
tions.

Several states can affect 
the results of the shut-in sur­
vey, including salt spalling 
from the cavern roof, begin­
ning and ending shut-in pres­
sures and temperatures, cav­
ern shrinkage, and gas mi­
gration.

Salt spalling is a serious 
condition which can have del­
eterious effects on the cav­
ern. Certainly one problem is 
damage to the well tubulars. 
Minor damage to the well 
bore casing may prevent the 
introduction of temperature 
and pressure tools to the cav­
ern, while major damage may 
restrict or prevent gas flow 
into and out of the cavern.

Beginning and ending 
pressures generally have the 
most effect on the appear­
ance of the graphs. Data er­
rors caused by a short stabili­
zation period cause a severe 
sawtooth-shaped graph.

This shape is the reason 
several surveys are graphed 
and comparisons made. The 
graph can be “smoothed" 
over a period of time, for in­
stance, by a least-squares fit 
of the curve.

Major discrepancies in the 
graph caused by shrinkage 
and migration are the focus 
of the studies. The curves 
tend to decline with time, indi­
cating shrinkage and vari­
ance. This decline is used to 
develop conclusions con-
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earning the caverns.
Obviously, a severe decli­

nation would indicate that im­
mediate remedial action be 
taken to correct an existing 
problem. In most cases, how­
ever, concerning inventory 
variance, a periodic write-off 
of a small amount of gas may 
be all that is necessary (Fig. 
5).

A small amount of declina­
tion can be expected in ob­
servations of cavern-shrink­
age graphs (Fig. 6). A man­
agement decision must be 
made when caverns have be­
come too small and releach­
ing is required.

Care must be taken to ex­
ercise patience when evalu­
ating a new leaching program 
because shrinkage is far 
worse during initial operation. 
Older caverns tend to shrink 
less, probably due to the dry­
ing effect of the gas on the 
walls of the cavern.

Reducing the water con­
tent of the salt may induce 
some brittleness. Conse­
quently, the plasticity of the 
salt may be reduced, but this 
does not mean that salt creep 
will be completely arrested. 
The oldest salt-dome caverns 
in the U.S. continue to shrink, 
although at a slower pace.

Data presented in Table 1

and the resulting calculated 
information depict a typical 
cavern-sizing survey. The 
cavern was shut-in after a 
withdrawal operation and al­
lowed to stabilize. Every oth­
er survey was conducted in 
this same manner (i.e., the 
initial shut-in followed a with­
drawal operation).

Bottomhole pressure and 
temperature data were re­
corded, and the cavern was 
filled with gas. The cavern 
was again shut-in and al­
lowed to stabilize (Fig. 2). 
Subsurface readings were 
again taken, and the resulting 
data were used to calculate 
volumes according to the ma­
terial-balance equations 
(Equations 1, 2, and 3 in ac­
companying equations box).

The form of the material- 
balance equation used to cal­
culate the cavern pore vol­
ume is shown in Equation 1. 
The equation is modified to 
obtain GIP (Equation 2).

Further modification yields 
maximum possible GIP for 
cavern-shrinkage estimates 
(Equation 3).

Initial calculations from 
Equation 1 produce a pore 
volume in cubic feet occupied 
by the cavern; barrels of 
space available are calculat­
ed by simple conversion.

Cavern shrinkage can be 
estimated from this result. 
For reporting purposes, how­
ever, barrels of space are 
converted to maximum possi­
ble gas in place and depicted 
in cubic feet. The volume of 
natural gas stored should be 
reported in cubic feet.

It is important to remem­
ber, however, that the result 
of the calculation of the mate­
rial-balance equation does 
not compare exactly with 
measured volumes of inven­
tory or capacity. Data errors 
will cause alarming dissimi­
larities.

As previously mentioned, 
however, the errors tend to 
smooth when graphed trends 
are developed (Fig. 5). Inven­
tory variance and cavern 
shrinkage may be estimated 
by use of these graphical 
trends. Precise adherence to 
a sound procedure and the 
use of quality tools for mea­
surement should yield data 
which in turn produce results 
with an acceptable margin of 
error. ■
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The design of the tie-in of 
the Gamma North field’s hori­
zontal well to the Oseberg 
field complex required exten­
sive analysis of the physical 
properties, hydrate evalua­
tion, material studies, and 
multiphase flow.

The physical property gen­
eration was based on in- 
house procedures that to a 
large extent are applications 
of the Gas Processors Asso­
ciation (GPA) developed 
techniques and method.

Experimental verifications 
have confirmed the need for 
these predictions.

Oseberg development

The Oseberg field, located 
about 125 km (78 miles) west 
of Bergen, was discovered in 
1979 (Fig. 1). The first well 
drilled revealed a large gas 
cap. However, the next well 
penetrated a substantial un­
derlying oil zone. This turned 
Oseberg into one of the larg­
er oil fields on the Norwegian 
shelf.

A field development plan 
was filed with the authorities 
late in 1983. Two phases of 
development were described;

Phase 1 would be on 
stream in 1988. It was to 
consist of a process and 
quarters platform (A) con­
nected by a bridge to the 
drilling platform (B). This con­
stitutes the field center (FC).

Phase 2 was planned to 
consist of a drilling, quarters, 
and water-injection platform. 
First stage separated oil and 
gas would be routed to the
Based on a paper presented at trie 

Gas Processors Association 69th an­
nual convention. Phoenix, Mar. 12-18.
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This situation is avoidable 
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LEYDEN L&U REPORT 
JANUARY 3, 1991
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SUMMARY

1. 0.7 BCF (14.65) should be written off as L&U as of year end 
1990. This covers the period from 1983 through 1990.

2. 2.3 BCF of gas has been written off as L&U in the 30 years 
of storage operations. The L&U rate averages 0.077 BCF/year (77 
MMCF/year) for the 30 year period. This includes the 0.7 BCF 
recommended as L&U through 1990.

3. The current gas loss rate (L&U) is about 0.1 BCF/year, which 
is consistent with the L&U rate observed since 1972. This 
annual L&U represents about 3.5% of the total storage, volume.
0.1 BCF- is 4.7% of the 1989 injected volume, or. 2.5% of the 1989. 
total activity (injection and withdrawal volume).

4. The annual L&U is not increasing over time. The L&U rate 
may possibly decrease in the future due to casing damage repairs 
done the summer of 1990. The gas loss rate from the damaged 
casing was probably not very high, and therefore the decrease in 
L&U associated with the repairs is not expected to be very high.

5. The L&U is currently at an acceptable economic level. At
0.1 BCF/year (100,000 MCF/year) and a current CG rate of about 
$2.70/MCF, the annual cost of lost gas is $270,000.

INTRODUCTION

This report is the result of a detailed investigation into 
"Lost & Unaccounted For" (L&U) gas for the Leyden gas storage 
field. Several methods were used to determine L&U gas for 
recent years.

The L&U gas is a combination of the following; (1) gas 
which migrates into the formation (sand, coal, fractures, 
aquifers) and is not recoverable, (2) gas which is blown to the 
atmosphere during wellhead operations, workovers, blowing of 
separators, pigging of the surface piping system, etc., and (3) 
gas measurement errors.
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METHODS OF DETERMINING L&U, & RESULTS

The recommended L&U of 0.7 BCF is a compromise between the 
results of the four methods used. The methods are as follows, 
and the data and calculations can be found in the attachment 
material to this report;

Method A - BOOK VOLUME COMPARISON

Per this method, 0.8 BCF should be written off as L&U. 
This is a comparison of book volumes for two different days, 
where the cavern was near full and shut in time was sufficient 
to predict a stabilized cavern pressure. This is the most 
accurate method, especially if the stabilized cavern pressures 
are about the same for both days. The dates for comparison were 
3/14/83 and 2/12/88.

Method B - HISTORIC TREND

Per this method, 0.7 BCF should be written off as L&U. 
This method is expected to yield a fairly accurate result. No 
major changes have occurred that are expected to substantially 
change the L&U.

Method C - PREDICT REMAINING VOLUME AT LOW CAVERN PRESSURE

Per this method, 0.65 BCF should be written off as L&U. 
This method is not expected to be as accurate as Method A, but 
should yield reasonable results.

Method D - VOLUME COMPARED TO 3 BCF MAX STORAGE CAPACITY

Per this method, the minimum L&U that should be written off 
is 0.54 BCF. This is the least accurate of the four methods, 
but is conservative in that the predicted L&U will be lower than 
the expected value.

LB X DAY BALANCE

There is no obvious correlation between lb-day balance and 
L&U. The lb-day balance records have not been developed for 
the seasons prior to 9/1/82, and therefore no comparison can be 
made for these earlier seasons.

L&U calculations were not done for several years since 
1982, and therefore annual comparisons are not possible. L&U 
calculations are based on stabilized cavern pressures. Because 
of frequent injection and withdrawal activity in recent years, 
accurate stabilized cavern pressures are difficult to obtain.
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The current design aquifer pressure used for lb x day 
balance is assumed to be 192 psi. The actual operating lb x day 
median pressure is 177.8 psi for the period from 9/1/82 to 
present. The actual average lb x day balance is below the 
design lb x day balance, and therefore the L&U influenced by lb 
x day balance should be at a minimum.

However, the actual aquifer pressure may be less than 192 
psi, and it may even be less than 177.8 psi. If this is so, it 
may-be possible to reduce the L&U by reducing the operating lb x 
day balance. More investigation should be done in this area to 
verify or redefine the actual current aquifer pressure.

STABILIZED CAVERN PRESSURE

It is difficult to accurately predict L&U from one year to 
the next without an adequate shut in period following injection 
or withdrawal activity. The shut in period is necessary to 
allow the accurate extrapolation of a stabilized cavern 
pressure.

The Modified Horner Plot is a good method to use for 
predicting stabilized cavern pressures. This is "Modified" in 
that the plot is done on a standard X-Y plot. The Log of 
(T+DT)/DT is plotted on the X axis. As the Log of (T+DT)/DT 
approaches zero, the cavern pressure approaches stabilization.

A minimum of 50 to 70 shut in days are required to predict 
the stabilized cavern pressure for a pressure buildup^ analysis 
(shut in after withdrawal). A minimum of 60 to 80 shut in days 
are required to predict the stabilized cavern pressure for a 
pressure decline (shut in after injection). These minimums are 
based on the data evaluated for this report and may vary from 
one situation to the next. Extrapolation can be done with less 
shut in than suggested, but the accuracy of the result goes 
down.

An area that needs further development is the application 
of "type curves" or other methods of determining stabilized 
cavern pressures.
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CAUSES OF L&U

1. LOST UNDERGROUND TO SURROUNDING FORMATIONS

Permeable formations (sands and coals), fractures, 
bore holes, and aquifers that are in communication with the 
storage zone can transmit- gas away from the storage zone. Gas 
which travels far enough becomes L&U as it is not recoverable.

Two examples follow which demonstrate the extent of 
formation gas charging as related to L&U.

A. Well 27 was drilled to investigate a gas charged sand 
at a depth of 137'. This sand is estimated to have had a 2' net 
charged thickness, 10% porosity, 50% water saturation, and a 10 
psig gas charge. Assuming a gas charged area of 500 acres 
(about 1/2 the area of the mine), the gas in place would be 
3,300 MCF (14.65). This is only about 3% of the annual L&U.

B. The total field L&U of 2.3 BCF over 30 years would 
cover 990 acres if charging a 50' net thick sand at 20% 
porosity, 50% water saturation, and 150 psig gas charged 
pressure. The area of the mine is about 1100 acres.'

Only a portion of the 0.. 1 BCF annual L&U is lost 
underground to surrounding formations. The remainder is due to 
surface losses and metering errors. It is probable that part 
the L&U lost underground eventually makes it's way to the 
surface. The gas can follow the up dip in the formation to the 
surface, and can follow old well bores or casing annulus paths 
to the surface.

2. SURFACE LOSSES

Surface losses occur from various sources, such as piping 
or compressor station system blowdown, leaking valves, blowing 
down separators to remove water, workover operations, and gas 
usage in separator heaters. The combined surface loss is 
estimated at 11,000 MCF/year. This amounts to 11% of the annual 
L&U.

3. METERING ERRORS

Metering errors could account for a significant amount of 
L&U. The same meter run and flow direction are used for 
injection mode and withdrawal mode, but there could be an error 
associated with one mode and not the other.

Meter error is often a function of flow rate, and injection 
rates are often much different than withdrawal rates. This 
could account for a substantial error on one mode and a minimal 
error on the other.
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It is possible that metering error will cancel itself out. 
If the metering is 3% in error while injecting, it may also be 
3% in error while on withdrawal.

The average injection for the 8 year period from 1983 
through 1990 was 1.506 BCF/year of gas. A positive metering 
error of 6.64% on this injected volume would produce the current 
L&U of 0.1 BCF per year.

The average withdrawal volume for the same period was 1.4 
BCF/year. A negative metering error of 7.1% on this withdrawal 
volume would produce the current L&U of 0.1 BCF/year.

The average total activity (injection + withdrawal) for the 
8 year period was 2.9 BCF/year. A positive 3.45% injection 
error combined with a negative 3.45% withdrawal error would 
produce the current L&U of 0.1 BCF/year.

Brad Hollenbaugh
Senior Reservoir Engineer
WestGas 1/3/91
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LEYDEN GAS STORAGE
PRESSURE DECLINE PERIOD: 11/19/82 TO 3/14/83 
SHUT IN WAS 11/19/82 W/ NO ACTIVITY UNTIL 3/15/83

DATE PRESSUR DAY (T+DT)/DT ’LOG TF
=TF

15-NOV-82 237.7
16-Nov-82 237.5
17-NOV-82 244.2
18-Nov-82 250
19-Nov-82 248.6 1 31 1.491361
20-Nov-82 247.7 2 16 1.204119
21-Nov-82 247.2 3 11 1.041392
22-Nov-82 246.8 4 8.5 0.929418
23-Nov-82 246.3 5 7 0.845098
24-NOV-82 246.1 6 6 0.778151
25-NOV-82 245.9 7 5.285714 0.723103
26-NOV-82 245.5 8 4.75 0.676693
27-N0V-82 245.3 9 4.333333 0.636822
28-NOV-82 245.2 10 4 0.602059
29-NOV-82 245.2 11 3.727272 0.571391
30-Nov-82 244.9 12 3.5 0.544068
01-Dec-82 245 13 3.307692 0.519525
02-Dec-82 244.7 14 3.142857 0.497324
03-Dec-82 244.3 15 3 0.477121
04-Dec-82 244.1 16 2.875 0.458637
05-Dec-82 243.9 17 2.764705 0.441648
06-Dec-82 243.8 18 2.666666 0.425968
07-Dec-82 243.4 19 2.578947 0.411442
08-Dec-82 243.1 20 2.5 0.397940
09-Dec-82 243.1 21 2.428571 0.385350
10-Dec-82 243 22 2.363636 0.373580
11-Dec-82 242.8 23 2.304347 0.362548

ld82-83

mfs

--
LEYDEN GAS STORAGE ld82-83 

PRESSURE DECLINE PERIOD: 11/19/82 TO 3/14/83 ?6 I tJF Y 
SHUT IN WAS 11/19/82 W/ NO ACTIVITY UNTIL 3/15/83 

DATE PRESSUR DAY (T+DT)/DT 'LOGTF 

=TF 

15-Nov-82 237.7 
16-Nov-82 237.5 
17-Nov-82 244.2 .~ .. 

18-Nov-82 250 

i 19-Nov-82 248.6 1 31 1.491361 
20-Nov-82 247.7 2 16 1.204119 
21-Nov-82 247.2 3 11 1.041392 

:t:, 22-Nov-82 246.8 4 8.5 0.929418 

~ 23-Nov-82 246.3 5 7 0.845098 
24-Nov-82 246.1 6 6 0.778151 
25-Nov-82 245.9 7 5.285714 0.723103 
26-Nov-82 245.5 8 4.75 0.676693 
27-Nov-82 245.3 9 4.333333 0.636822 
28-Nov-82 245.2 10 4 0.602059 
29-Nov-82 245.2 11 3.727272 0.571391 
30-Nov-82 244.9 12 3.5 0.544068 
01-Dec-82 245 13 3.307692 0.519525 . .-... 
02-Dec-82 244.7 14 3.142857 0.497324 
03-Dec-82 244.3 15 3 0.477121 
04-Dec-82 244.1 16 2.875 0.458637 
05-Dec-82 243.9 17 2.764705 0.441648 · 
06-Dec-82 243.8 18 2.666666 0.425968 

'1J 07-Dec-82 243.4 19 2.578947 0.411442 (/) 
("') 08-Dec-82 243.1 20 2.5 0.397940 
0 09-Dec-82 243.1 21 2.428571 0.385350 w 
c.o 10-Dec-82 243 22 2.363636 0.373580 00 
U1 11-Dec-82 242.8 23 2.304347 0.362548 
-..J 



12-Dec-82 242.8 24 2.25 0.352182
13-Dec-82 242.8 25 2.2 0.342422
14-Dec-82 242.5 26 2.153846 0.333214
15-Dec-82 242 27 2.111111 0.324511
16-Dec-82 242.2 28 2.071428 0.316269
17-Dec-82 242.1 29 2.034482 0.308454
18-Dec-82 242 30 2 0.301029
19-Dec-82 241.8 31 1.967741 0.293968
20-Dec-82 241.7 32 1.9375 0.287241
21-Dec-82 241.7 33 1.909090 0.280826
22-Dec-82 241.6 34 1.882352 0.274701
23-Dec-82 241.5 35 1.857142 0.268845
24-Dec-82 241.4 36 1.833333 0.263241
25-Dec-82 241.2 37 1.810810 0.257873

> 26-Dec-82 241 38 1.789473 0.252725
Oq 27-Dec-82 240.8 39 1.769230 0.247784

28-Dec-82 240.7 40 1.75 0.243038
29-Dec-82 240.6 41 1.731707 0.238474
30-Dec-82 240.4 42 1.714285 0.234083
31-Dec-82 240.3 43 1.697674 0.229854
01-Jan-83 240.1 44 1.681818 0.225779
02-Jan-83 240 45 1.666666 0.221848
03-Jan-83 240 46 1.652173 0.218055
04-Jan-83 239.8 47 1.638297 0.214392
05-Jan-83 239.8 48 1.625 0.210853
06-Jan-83 239.7 49 1.612244 0.207431
07-Jan-83 239.6 50 1.6 0.204119
08-Jan-83 239.6 51 1.588235 0.200914
09-Jan-83 239.5 52 1.576923 0.197810

-a
f M

10-Jan-83 239.4 53 1.566037 0.194802

o 11-Jan-83 239.2 54 1.555555 0.191885
o 12-Jan-83 239.1 55 1.545454 0.189056
OJ
to 13-Jan-83 239.1 56 1.535714 0.186310
00
ai 14-Jan-83 239.9 57 1.526315 0.183644
00

ft) -2 OF H?5 2of= L/ 
12-Dec-82 242.8 24 2.25 0.352182 
13-Dec-82 242;8 25 2.2 0.342422 
14-Dec-82 242.5 26 2.153846 0.333214 
15-Dec-82 242 27 2.111111 0.324511 
16-Dec-82 242.2 28 2.071428 0.316269 
17-Dec-82 242.1 29 2.034482 0.308454 
18-Dec-82 242 30 2 0.301029 
19-Dec-82 241.8 31 1.967741 0.293968 
20-Dec-82 241.7 32 1.9375 0.287241 
21-Dec-82 241.7 33 1.909090 0.280826 ---
22-Dec-82 241.6 34 1.882352 0.274701 
23-Dec-82 241.5 35 1.857142 0.268845 
24-Dec-82 241.4 36 1.833333 0.263241 
25-Dec-82 241.2 37 1.810810 0.257873 

:p 26-Dec-82 241 38 1.789473 0.252725 
()Q 27-Dec-82 240.8 39 1.769230 0.247784 

28-Dec-82 240.7 40 1.75 0.243038 
29-Dec-82 240.6 41 1.731707 0.238474 
30-Dec-82 240.4 42 1.714285 0.234083 
31-Dec-82 240.3 43 1.697674 0.229854 
01-Jan-83 240.1 44 1.681818 0.225779 
02-Jan-83 240 45 1.666666 0.221848 
03-Jan-83 240 46 1.652173 0.218055 
04-Jan-83 239.8 47 1.638297 0.214392 
05-Jan-83 239.8 48 1.625 0.210853 
06-Jan-83 239.7 49 1.612244 0.207431 
07-Jan-83 239.6 50 1.6 0.204119 

08-Jan-83 239.6 51 1.588235 0.200914 
09-Jan-83 239.5 52 1.576923 0.197810 

-0 1 0-Jan-83 239.4 53 1.566037 0.194802 u, 
11-Jan-83 239.2 54 1.555555 0.191885 (") 

0 12-Jan-83 239.1 55 1.545454 0.189056 
w 13-Jan-83 239.1 56 1.535714 0.186310 c.D 
00 14-Jan-83 239.9 57 1.526315 0.183644 U1 
00 
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15-Jan-83 238.9 58 1.517241 0.181054
16-Jan-83 238.9 59 1.508474 0.178537
17-Jan-83 238.9 60 1.5 0.176091
18-Jan-83 238.9 61 1.491803 0.173711
19-Jan-83 238.8 62 1.483870 0.171396
20-Jan-83 238.7 63 1.476190 0.169142
21-Jan-83 238.7 64 1.46875 0.166947
22-Jan-83 238.6 65 1.461538 0.164810
23-Jan-83 238.6 66 1.454545 0.162727
24-Jan-83 238.5 67 1:447761 0.160696
25-Jan-83 238.5 68 1.441176 0.158717
26-Jan-83 238.3 69 1.434782 0.156786
27-Jan-83 238.3 70 1.428571 0.154901
28-Jan-83 238.3 71 1.422535 0.153063
29-Jan-83 238.3 72 1.416666 0.151267
30-Jan-83 238.3 73 1.410958 0.149514
31-Jan-83 238.3 74 1.405405 0.147801
01-Feb-83 238.3 75 1.4 0.146128
02-Feb-83 238.2 76 1.394736 0.144492
03-Feb-83 238 77 1.389610 0.142893
04-Feb-83 238 78 1.384615 0.141329
05-Feb-83 238 79 1.379746 0.139799
06-Feb-83 237.9 80 1.375 0.138302
07-Feb-83 237.9 81 1.370370 0.136837
08-Feb-83 237.8 82 1.365853 0.135404
09-Feb-83 237.8 83 1.361445 0.134000
10-Feb-83 237.7 84 1.357142 0.132625
11-Feb-83 237.5 85 1.352941 0.131278
12-Feb-83 237.5 86 1.348837 0.129959
13-Feb-83 237.4 87 1.344827 0.128666
14-Feb-83 237.4 88 1.340909 0.127399
15-Feb-83 237.3 89 1.337078 0.126156
16-Feb-83 237.3 90 1.333333 0.124938
17-Feb-83 237.2 91 1.329670 0.123743

1 OP u/f->j ~ OF '-1 
15-Jan-83 238.9 58 1.517241 0.181054 
16-Jan-83 238.9 59 1.508474 0.178537 
17-Jan-83 238.9 60 1.5 0.176091 
18-Jan-83 238.9 61 1.491803 0.173711 
19-Jan-83 238.8 62 1.483870 0.171396 
20-Jan-83 238.7 63 1.476190 0.169142 
21-Jan-83 238.7 64 1.46875 0.166947 
22-Jan-83 238.6 65 1.461538 0.164810 
23-Jan-83 238.6 66 1.454545 0.162727 
24-Jan-83 238.5 67 1 .447761 0.160696 
25-Jan-83 238.5 68 1.441176 0.158717 
26-Jan-83 238.3 69 1.434782 0.156786 
27-Jan-83 238.3 70 1.428571 0.154901 
28-Jan-83 238.3 71 1.422535 0.153063 

=I> 29-Jan-83 238.3 72 1.416666 0.151267 
~ 30-Jan-83 238.3 73 1.410958 0.149514 

31-Jan-83 238.3 74 1.405405 0.147801 
01-Feb-83 238.3 75 1.4 0.146128 
02-Feb-83 238.2 76 1.394736 0.144492 
03-Feb-83 238 77 1.389610 0.142893 
04-Feb-83 238 78 1.384615 0.141329 
05-Feb-83 238 79 1.379746 0.139799 
06-Feb-83 237.9 80 1.375 0.138302 
07-Feb-83 237.9 81 1.370370 0.136837 
08-Feb-83 237.8 82 1.365853 0.135404 

-M•,. 

09-Feb-83 237.8 83 1.361445 0.134000 
1 0-Feb-83 237.7 84 1.357142 0.132625 
11-Feb-83 237.5 85 1.352941 0.131278 
12-Feb-83 237.5 86 1.348837 0.129959 
13-Feb-83 237.4 87 1.344827 0.128666 

"'tJ 14-Feb-83 237.4 88 1.340909 0.127399 
U> 

15-Feb-83 237.3 89 1.337078 0.126156 n 
0 16-Feb-83 237.3 90 1.333333 0.124938 
w 17-Feb-83 237.2 91 1.329670 0.123743 \0 
0) 
CJl 
\0 
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18-Feb-83 237.2 92 1.326086 0.122572
19-Feb-83 237.3 93 1.322580 0.121422
20-Feb-83 237.1 94 1.319148 0.120293
21-Feb-83 237 95 1.315789 0.119186
22-Feb-83 237 96 1.3125 0.118099
23-Feb-83 237 97 1.309278 0.117031
24-Feb-83 236.9 98 1.306122 0.115983
25-Feb-83 236.9 99 1.303030 0.114954
26-Feb-83 237 100 1.3 0.113943
27-Feb-83 236.8 101 1.297029 0.112949
28-Feb-83 236.8 102 1.294117 0.111973
01-Mar-83 236.7 103 1.291262 0.111014
02-Mar-83 236.7 104 1.288461 0.110071
03-Mar-83 236.7 105 1.285714 0.109144
04-Mar-83 236.7 106 1.283018 0.108233
05-Mar-83 236.7 107 1.280373 0.107336
06-Mar-83 236.5 108 1.277777 0.106455
07-Mar-83 236.5 109 1.275229 0.105588
08-Mar-83 236.3 110 1.272727 0.104735
09-Mar-83 236.2 111 1.270270 0.103896
10-Mar-83 236.2 112 1.267857 0.103070
11-Mar-83 236.2 113 1.265486 0.102257
12-Mar-83 236.2 114 1.263157 0.101457
13-Mar-83 236.2 115 1.260869 0.100670
14-Mar-83 236.2 116 1.258620 0.099894
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18-Feb-83 237.2 92 
19-Feb-83 237.3 93 
20-Feb-83 237.1 94 
21-Feb-83 237 95 
22-Feb-83 237 96 
23-Feb-83 237 97 
24-Feb-83 236.9 98 
25-Feb-83 236.9 99 
26-Feb-83 237 100 
27-Feb-83 236.8 101 
28-Feb-83 236.8 102 
01-Mar-83 236.7 103 
02-Mar-83 236.7 104 
03-Mar-83 236.7 105 
04-Mar-83 236.7 106 
05-Mar-83 236.7 107 
06-Mar-83 236.5 108 
07-Mar-83 236.5 109 
08-Mar-83 236.3 110 
09-Mar-83 236.2 111 
1 0-Mar-83 236.2 112 
11-Mar-83 236.2 113 
12-Mar-83 236.2 114 
13-Mar-83 236.2 115 
14-Mar-83 236.2 116 
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DEC 11, 1987 TO FEB 12, 1988 
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DATE (T+DT)/DT LOG
(T+DT)/T)T

Ptf^ I Ot- Z_

L^^ZkX l

U)

PRESSURE DAY 
PSIG

11- Dec-87
12- Dec-87
13- Dec-87
14- Dec-87
15- Dec-87
16- Dec-87
17- Dec-87
18- Dec-87
19- Dec-87
20- Dec-87
21- Dec-87
22- Dec-87
23- Dec-87
24- Dec-87
25- Dec-87
26- Dec-87
27- Dec-87
28- Dec-87
29- Dec-87
30- Dec-87
31- Dec-87
01- Jan-88
02- Jan-88
03- Jan-88
04- Jan-88
05- Jan-88
06- Jan-88
07- Jan-88
08- Jan-88
09- Jan-88
10- Jan-88

250
249.5
249.1 
248.7
248.7
248.5 
248.5
248.4
248.3
248.2
248.1
247.8
247.8
247.5
247.4
247.3
247.3
247.2 
247-. 1 
247.1
247.1
246.9
246.6
246.3
246.1
245.6
245.5
245.6 
245.6
245.4
245.4

1 31 1.4913616938
2 16 1.2041199827
3 11 1.0413926852
4 8.5 0.9294189257
5 7 0.84509804
6 6 0.7781512504
7 5.2857142857 0.7231036841
8 4.75 . 0.6766936096
9 4.3333333333 0.6368220976

10 4 0.6020599913
11 3.7272727273 0.5713911716
12 3.5 0.5440680444
13 3.3076923077 0.5195251033
14 3.1428571429 0.4973246408
15 3 0.4771212547
16 2.875 0.458637849
17 2.7647058824 . 0.4416489366
18 2.6666666667 0.4259687323
19 2.5789473684 0.4114424791
20 2.5 0.3979400087
21 2.4285714286 0.3853508814
22 2.3636363636 •0.3735806628
23 2.3043478261 0.3625480336
24 2.25 0.3521825181
25 2.2 0.3424226808
26 2.1538461538 . 0.333214679
27 2.1111111111 0.3245110915
28 2.0714285714 0.3162699622
29 2.0344827586 0.3084540137
30 2 0.3010299957
31 1.9677419355 •0.2939681412
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11-Dec-87 250 1 31 1.4913616938 
f't\O.bl ~rBD t-,\-c) \IN ~\C PLOT 

12-Dec-87 249.5 2 16 1.2041199827 
13-Dec-87 249.1 3 11 1.0413926852 
14-Dec-87 248.7 4 8.5 '0.9294189257 
15-Dec-87 248.7 5 7 0.84509804 /1--\-LS, 'f'l\ ~1-tkt.b WOvL9) ·,001--16-Dec-87 248.5 6 6 0.7781512504 

W I '\'-tiict-J 1 ,)\ _.. 17-Dec-87 248.5 7 5.2857142857 0. 7231036841 WOfl~IC (..Jt:sU..-
18-Dec-87 248.4 8 4.75 . 0·.6766936096 f~vr r"t-J P8fl/ut; 
19-Dec-87 248.3 9 4.3333333333 0.6368220976 S v F I= l lL 'd"tJ r 
20-Dec-87 248.2 10 4 0.6020599913 f=CJfl. Jl)·~tLl 1 •1Jl~. tV\.:s1sD 
21-Dec-87 248.1 11 3. 7272727273 0.5713911716 

I' Nts~\£ +> 22-Dec-87 247.8 12 3.5 0.5440680444 /:?;NO 06£{ i)~-~ ~01vJ,-S ~T 
23-Dec-87 247.8 13 3.3076923077 '0.5195251033 

l_j\} 24-0ec-87 247.5 14 3.1428571429 0.4973246408 ~ ~ i\..l ~t.~)' I (.<JN:t. i 11 a·l\J.S ,o 
25-Dec-87 247.4 15 3 0.4771212547 
26-Dec-87 247.3 16 2.875 0.458637849 g~ t--lM~. i.... 4 ..::, 1'.1 ~ ""'~-~--1:D I . 
27-Dec-87 247.3 17 2. 764 7058824 . 0.4416489366 
28-Dec-87 247.2 18 2.6666666667 0.4259687323 
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30-Dec-87 247.1 20 2.5 0.3979400087 

Tth~ \'<. \6 \:\T 31-Dec-87 247.1 21 2.4285714286 0 .38535 08814 win{ 61..JL'-I 
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03-Jan-88 246.3 24 2.25 0.3521825181 
04-Jan-88 246.1 25 2.2 0.3424226808 
05-Jan-88 245.6 26 2.1538461538 0.333214679 
06-Jan-88 245.5 27 2.1111111111 0.3245110915 

-0 
07-Jan-88 245.6 28 2.0714285714 0.3162699622 

en 08-Jan-88 245.6 29 2.0344827586 0.3084540137 
("') 

09-Jan-88 245.4 30 2 0.3010299957 
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10-Jan-88 245.4 31 1.9677 419355 ·0.2939681412 w 
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11-Jan-88 245.7 32 1.9375 0.2872417112
12-Jan-88 245.5 33 1.9090909091 0.2808266096
13-Jan-88 245.4 34 1.8823529412 0^2747010569

14-Jan-88 245 35 1.8571428571 0.2688453123
15-Jan-88 245.1 36 1.8333333333 0.2632414348
16-Jan-88 245.1 37 1.8108108108 0.2578730786
17-Jan-88 245.1 38 1.7894736842 0.2527253161
18-Jan-88 245.1 39 1.7692307692 6.2477844837

19-Jan-88 244.9 40 1.75 0.2430380487
20-Jan-88 244.9 41 1.7317073171 0.238474492
21-Jan-88 244.8 42 1.7142857143 0.234083206
22-Jan-88 244.6 43 1.6976744186 0.2298544045
23-Jan-88 244.6 44 1.6818181818 0.2257790432
24-Jan-88 244.5 45 1.6666666667 0.2218487496
25-Jan-88 244.5 46 1.652173913 0.2180557606
26-Jan-88 244.3 47 1.6382978723 0.2143928672
27-Jan-88 244.3 48 1.625 0.2108533653
28-Jan-88 244.3 49 1.612244898 0.2074310113
29-Jan-88 244.4 50 1.6 0.2041199827
30-Jan-88 244.4 51 1.5882352941 0.2009148428
31 -Jan-88 244.4 52 1.5769230769 • 0^1978105087
01-Feb-88 244.4 53 1.5660377358 0.1948022228
02-Feb-88 244.1 54 1.5555555556 0.1918855262
03-Feb-88 244 55 1.5454545455 0.1890562362
04-Feb-88 244 56 1.5357142857 0.1863104242
05-Feb-88 243.9 57 1.5263157895 0.1836443969
06-Feb-88 243.8 58 1.5172413793 0.1810546786
07-Feb-88 243.8 59 1.5084745763 0.178537995
08-Feb-88 243.7 60 1.5 0.1760912591
09-Feb-88 243.8 61 1.4918032787 ■ 0.1737115573
10-Feb-88 243.7 62 1.4838709677 0.1713961378
11-Feb-88 243.7 63 1.4761904762 0.1691423991
12-Feb-88 243.6 64 1.46875 0.1669478796
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14-Jan-88 245 35 1.8571428571 0.2688453123 
15-Jan-88 245.1 36 1.8333333333 0.2632414348 
16-Jan-88 245.1 37 1.8108108108 0.2578730786 
17-Jan-88 245.1 38 1.7894736842 0.2527253161 
18-Jan-88 245.1 39 1 . 7692307692 0.2477844837 
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29-Jan-88 244.4 50 1.6 0.2041199827 
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" . . 
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LEYDEN PRESSURE BUILD UP AFTER SHUT IN ON WITHDRAWAL LD90
MAY 1, 1990 TO JULY 10, 1990 MODIFIED HORNER PLOT PAGE 1 OF 3

4>

DATE PRESSURE TIME
PSIG

(T+DTJ/DT LOG OF 
(T+DT)/DT

01-May-90 49.3 1 31 1.4913616938
02-May-90 50.9 3HS-52 ^ 2 16 1.2041199827
03-May-90 3 1.0413926852
04-May-90 53 4 3 8.5 0.9294189257
05-May-90 54 5 7 0.84509804
06-May-90 55 6 6 0.7781512504
07-May-90 55.4 7 5.2857142857 0.7231036841
08-May-90 56 8 4.75 0.6766936096
09-May-90 56.5 9 4.3333333333 0.6368220976
10-May-90 57.1 10 4 .0.6020599913
11-May-90 57.7 11 3.7272727273 0.5713911716
12-May-90 58 12 3.5 0.5440680444
13-May-90 59 13 3.3076923077 0.5195251033
14-May-90 59 14 3.1428571429 0.4973246408
15-May-90 59.6 15 3 0.4771212547
16-May-90 59.8 16 2.875 0.458637849
17-May-90 60.3 17 2.7647058824 0.4416489366
18-May-90 60.7 18 2.6666666667 0.4259687323
19-May-90 61.1 19 2.5789473684 .0.4114424791
20-May-90 61.5 20 2.5 0.3979400087
21-May-90 61.7 21 2.4285714286 0.3853508814
22-May-90 62.1 22 2.3636363636 0.3735806628
23-May-90 62.4 23 2.3043478261 0.3625480336
24-May-90' 62.9 24 2.25 0.3521825181
25-May-90 63.1 25 2.2 0.3424226808
26-May-90 63.6 26 2.1538461538 0.333214679
27-May-90 63.9 27 2.1111111111 0.3245110915
28-May-90 .64.1 28 2.0714285714 , 0)3162699622

LEYDEN PRESSURE BUILD UP AFTER SHUT IN ON WITHDRAWAL LD90 
MAY 1, 1990TOJULY 10, 1990 MODIFIED HORNER PLOT PAGE 1 OF 3 

DATE PRESSURE TIME (T+DT)/DT LOG OF 
PSIG (T+DT)/DT 

01-May-90 49.3 1 
?,0 

31 -1.4913616938 ., 
02-May-90 50.9 ~ 2 16 1.2041199827 
03-May-90 

-z... "3o -\5 52 3 _:::.::;....- 11 1.0413926852 
04-May-90 53 4 3 8.5 0.9294189257 
05-May-90 54 5 7 0.84509804 
06-May-90 55 6 6 0.7781512504 
07-May-90 55.4 7 5.2857142857 0.7231036841 
08-May-90 56 8 4.75 0.6766936096 

:p 09-May-90 56.5 9 4.3333333333 0.6368220976 

~ 
10-May-90 57.1 10 4 . 0 .6020599913 

~ 
11-May-90 57.7 11 3.7272727273 0.5713911716 
12-May-90 58 12 3.5 0.5440680444 
13-May-90 59 13 3.3076923077 0.5195251033 
14-May-90 59 14 3.1428571429 0.4973246408 
15-May-90 59.6 15 3 0.4771212547 
16-May-90 59.8 16 2.875 . 0.458637849 
17-May-90 60.3 17 2.7647058824 0.4416489366 
18-May-90 60.7 18 2.6666666667 0.4259687323 --.. 
19-May-90 61.1 19 2.5789473684 .0.4114424791 
20-May-90 61.5 20 2.5 0.3979400087 
21-May-90 61.7 21 2.4285714286 0.3853508814 
22-May-90 62.1 22 2.3636363636 0.3735806628 
23-May-90 62.4 23 2.3043478261 0.3625480336 

""O 24-May-90. 62.9 24 2.25 0.3521825181 V) 
(") 25-May-90 63.1 25 2.2 0.3424226808 
0 26-May-90 63.6 26 2.1538461538 0.333214679 w 
~ 27-May-90 63.9 27 2.1111111111 0.3245110915 ex, 
-...J 28-May-90 64.1 28 2.0714285714 . 0 ,3162699622 N 
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No

U

29-May-90 64.3 29
30-May-90 64.5 30
31-May-90 64.7 31
01-Jun-90 65.2 32
02-Jun-90 65.4 33
03-Jun-90 65.6 34
04-Jun-90 65.8 35
05-Jun-90 66.1 36
06-Jun-90 66.2 37
07-Jun-90 66.5 38
08-Jun-90 66.6 39
09-Jun-90 66.9 40
10-Jun-90 67 41
11-Jun-90 67.4 42
12-Jun-90 67.6 43
13-Jun-90 67.8 44
14-Jun-90 67.9 45
15-Jun-90 68 46
16-Jun-90 68.1 47
17-Jun-90 68.3 48
18-Jun-90 68.5 49
19-Jun-90 68.7 50
20-Jun-90 68.7 51
21-Jun-90 68.7 52
22-Jun-90 69.2 53
23-Jun-90 69.4 54
24-Jun-90 69.6 55
25-Jun-90 69.8 56
26-Jun-90 69.9 57
27-Jun-90 70.1 58
28-Jun-90 70.3 59
29-Jun-90 70.5 60
30-Jun-90 70.6 61
01 -Jul-90 70.7 62

2.0344827586
2

1.9677419355 
1.9375 

1.9090909091 
1.8823529412 
1.8571428571 
1.8333333333 
1.8108108108 
1.7894736842 
1.7692307692 

1.75
1.7317073171 
1.7142857143 
1.6976744186 
1.6818181818 
1.6666666667 

1.652173913 
1.6382978723 

1.625 
1.612244898 

1.6
1.5882352941 
1.5769230769 
1.5660377358 
1.5555555556 
1.5454545455 
1.5357142857 
1.5263157895 
1.5172413793 
1.5084745763 

1.5
1.4918032787 
1.4838709677

0.3084540137 
0.3010299957 
.0.2939681412 
0.2872417112 
0.2808266096 
0.2747010569 
0.2688453123 
0’2632414348 

0.2578730786 
0.2527253161 
0.2477844837 
0.2430380487 

0.238474492 
0.234083206 

0.2298544045 
0.2257790432 
0!2218487496 

0.2180557606 
0.2143928672 
0.2108533653 
0.2074310113 
0.2041199827 
0.2009148428 
0.1978105087 
0.1948022228 
0!1918855262 

0.1890562362 
0.1863104242 
0.1836443969 
0.1810546786 
" 0.178537995 

0.1760912591 
0.1737115573 
0.17.13961378

PAGE 2 OF 3
29-May-90 64.3 29 2.0344827586 0.3084540137 
30-May-90 64.5 30 2 0.3010299957 PAGE 2 OF 3 
31-May-90 64.7 31 1.9677419355 ,0.2939681412 
01-Jun-90 65.2 32 1.9375 0.2872417112 
02-Jun-90 65.4 33 1.9090909091 0.2808266096 
03-Jun-90 65.6 34 1.8823529412 0.2747010569 
04-Jun-90 65.8 35 1.8571428571 0.2688453123 
05-Jun-90 66.1 36 1.8333333333 · 0:2632414348 
06-Jun-90 66.2 37 1.8108108108 0.2578730786 
07-Jun-90 66.5 38 1. 7894 736842 0.2527253161 ~ .. 
08-Jun-90 66.6 39 1. 7692307692 0.2477844837 
09-Jun-90 66.9 40 1.75 0.2430380487 
10-Jun-90 67 41 1.7317073171 0.238474492 

:p 11-Jun-90 67.4 42 1. 7142857143 0.234083206 
12-Jun-90 67.6 43 1.6976744186 0.2298544045 

l'-=> 13-Jun-90 67.8 44 1.6818181818 0.2257790432 
uJ 14-Jun-90 67.9 45 ' 1.6666666667 . 0.2218487496 

15-Jun-90 68 46 1.652173913 0.2180557606 
16-Jun-90 68.1 47 1.6382978723 0.2143928672 
17-Jun-90 68.3 48 1.625 0.2108533653 
18-Jun-90 68.5 49 1.612244898 0.2074310113 
19-Jun-90 68.7 50 1.6 0.2041199827 
20-Jun-90 68.7 51 1.5882352941 0.2009148428 
21-Jun-90 68.7 52 1.5769230769 0.1978105087 ---. 
22-Jun-90 69.2 53 1.5660377358 0.1948022228 
23-Jun-90 69.4 54 1.5555555556 '0'.1918855262 
24-Jun-90 69.6 55 1.5454545455 0.1890562362 
25-Jun-90 69.8 56 1.5357142857 0.1863104242 

'1J 26-Jun-90 69.9 57 1.5263157895 0.1836443969 
<n 27-Jun-90 70.1 58 1.5172413793 0.1810546786 Ci .. 
0 28-Jun-90 70.3 59 1.5084745763 0.178537995 
w 29-Jun-90 70.5 60 1.5 0.1760912591 ~ 
0:) 30-Jun-90 70.6 61 1.4918032787 0.1737115573 
'-J 

01-Jul-90 1.4838709677 0.17.13961378 w 70.7 62 



02-Jul-90 70.9 63
03-Jul-90 71.1 64
04-JUI-90 71.2 65
05-Jul-90 71.3 66
06-Jul-90 71.6 67
07-JUI-90 71.6 68
08-Jul-90 71.9 69
09-Jul-90 72 70
10-Jul-90 72 71

r

■a
cn
o
O
bo
V£>
00

4*>

1.4761904762 
1.46875 

1.4615384615 
1.4545454545 

1.447761194 
1.4411764706 
1.4347826087 
1.4285714286 
1.4225352113

0.1691423991
0.1669478796
0.1648102486
0,1627272975
0.1606969316

0.158717163
0,1567861039

0.15490196
0.1530630251
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Interoffice Memo

WestGas'

Western Gas Supply Company

10/5/90

To: Bill Uding, Supervisor, Reservoir & Storage Eng.
From: Brad Hollenbaugh, Reservoir Engineer

The attached report on the Leyden 1990 drawdown is FYI & 
comment. This is just one more small piece of the giant puzzle.

L&U GAS ESTIMATE

Also of interest is the remaining storage volume at the end 
of the drawdown. There is 1.6 BCF remaining total in storage at 
69 psig cavern pressure. Th'is 1.6 BCF is per gas measurement 
books.

Per a quick calculation, there is about 0.62 BCF which 
could be written off as L&U gas (see L&U ESTIMATE CALCULATION 
below). I would like to do a more detailed evaluation of the 
L&U in order to answer these questions:

1. What is the L&U since the facility was placed in operation?

2. Is annual L&U increasing with time?

3. Is the L&U at an acceptable economic level?

4. Does lowering the pressure to 50 psig increase the L&U?

5. What is the appropriate lb X day balance pressure?

6. Where is the L&U gas going, and is any of it recoverable?

page 1 of 2
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Interoffice Memo 

~WestGas· 
Western Gas Supply Company 

10/5/90 

To: Bill Uding, Supervisor, Reservoir & Storage Eng. 
From: Brad Hollenbaugh, Reservoir Engineer 

The attached report on the Leyden 1990 drawdown is FYI & 
comment. This is just one more small piece of the giant puzzle. 

L&O GAS ESTIMATE 

Also of interest is the remaining storage volume at the end 
of the drawdown. There is 1.6 BCF remaining total in storage at 
69 psig cave_rn pressure. Th\s 1. 6 BCF is per gas measurement 
books. 

Per a quick calculation, there is about 0.62 BCF which 
could be written off as L&U gas (see L&U ESTIMATE CALCULATION 
below). I would like to do a more detailed evaluation of the 
L&U in order to answer these questions: 

1. What is the L&U since the facility was placed in operation? 

2. Is annual L&U increasing with time? 

3. Is the L&U at an acceptable economic level? 

4. Does lowering the pressure to 50 psig increase the L&U? 

S. What is the appropriate lb X day balance pressure? 

6. Where is the L&U gas going, and is any of it recoverable? 

page 1 of 2 
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LEYDEN L&U REPORT 
NOVEMBER 27, 1991

SUMMARY

Calculations indicate 0.17 BCF (14.65) less gas in storage 
than is being carried on the books. An L&U adjustment of
170,000 MCF should be applied to the book volume, by subtracting 
this amount from same.

Six methods were used to predict the L&U, and method 4 
(below) provides significant justification for the 0.17 BCF 
recommendation. The recommended L&U adjustment is made up of 
the current year L&U plus some "catch up" L&U. The current year 
L&U is estimated between 0.1 and 0.14 BCF. The total catch up 
L&U is estimated at about 0.16 BCF per review of the 1990 L&U 
report (0.7 - 0.54). About 19% to 44% of this total catch up 
L&U is accounted for in the recommended 0.17 BCF write-off.

Assumed current Catch Up : % of. Total Recommended
year L&U L&U Catch Up L&U

0.1 BCF (method 6) 0.07 44% 0.17 BCF

0.14 (method 5) 0.03 19% 0.17 BCF

CONCLUSIONS

Six methods were used to estimated L&U. The first four 
methods calculate the total L&U, which includes any "catch up" 
L&U. The last two methods only account for the current year 
L&U, and do not include any catch up volume.

METHOD 1 0.18 BCF Total L&U

Horner plot applied to pressure buildup data (shut in after 
withdrawal) to determine stabilized cavern pressure (95 psig). 
Assumes 11.6 MMCF/psig stabilized.

METHOD 2 0.24 BCF Total L&U

Muskat plot applied to pressure buildup data (shut in after 
withdrawal) to determine stabilized cavern pressure (90 psig). 
Assumes 11.6 MMCF/psig stabilized.

1 PSC 039808
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Calculations indicate 0.17 BCF (14.65) less gas in storage 
than is being carried on the books. An L&U adjustment 0f 
170,000 MCF should be applied to the book volume, by subtracting 
this ?mount from same. 

Six methods were used to predict the L&U, and method 4 
{below} provides significant justification for the -0.17 BCF 
recommendation. The recommended L&U adjustment is made up of 
the current year L&U plus some "catch up" L&U. The current year 
L&U is estimated between 0.1 and 0.14 BCF. The total catch up 
L&U is estimated at about O.lp BCF per review of the 1990 L&U 
report (0. 7 - 0.-54). About 19% to 44% of this total catch up 
L&U is accounted for in the recommended 0.17 BCF write-off. 

------------- .----------------------------------.------------- -
Assumed current 

year L&U 

0.1 BCF (method 6) 

0.14 {method 5) 

CONCLUSIONS 

Catch Up: 
L&U 

0.07 

0.03 

% of. Total 
Catch Up 

44% 

19% 

-Recommended 
L&U 

0.17 BCF 

0.17 BCF 

Six methods were used to estimated L&U. The first four 
methods calculate the total L&U, which includes any "catch up" 
L&U. The last two methods only account for the current year 
L&U, and do not include any catch up volume. 

METHOD 1 0.18 BCF Total L&U 

Horner plot applied to pressure buildup data (shut in after 
withdrawal) to determine stabilized cavern pressure (95 psig). 
Assumes 11.6 MMCF/psig stabilized. 

METHOD 2 0.24 BCF Total L~U 

Muskat plot applied to pressure buildup data (shut in after 
withdrawal) to determine stabilized cavern pressure (90 psig). 
Assumes 11.6 MMCF/psig stabilized. 
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METHOD 3 0.24 BCF Total L&U

Stabilized cavern pressure of 90 psig predicted by 
evaluating pressure buildup data (shut in after withdrawal). 
Extrapolated pressure from a curve of Pressure vs. buildup time. 
Assumes 11.6 MMCF/psig stabilized.

Analysis of pressure fall off data (shut in after 
injection) to predict stabilized cavern pressure. This is 
conservative in that it is the minimum L&U and the actual L&U is 
probably higher than this. Assumes 11.6 MMCF/psig stabilized.

Comparison of book volume in 1991 to book volume in 1990 
for a similar stabilized pressure condition. Horner plot used 
for predicting stabilized cavern pressures. Assumes 11.6 
MMCF/psig stabilized, but result is not very dependent on this 
assumption. The current year L&U could be higher than the 
historic L&U trend of 0.. 1 BCF/year due-to the extreme-low 
pressure drawdown this summer.

METHOD 6 0.1 BCF Current Year L&U

This is based on the historic trend. Documentation can be 
found in the 1/3/91 L&U Report.

RECOMMENDATIONS

The Horner plot does not appear to be a great tool for 
predicting the stabilized cavern pressure. The extrapolation is 
not obvious, and the results do not agree with the Muskat 
method.- The Horner plot may be adequate when comparing a 
pressure condition from one year to a similar pressure condition 
of another year (method 5).

The Muskat plot behaves as expected and may be superior to 
the Horner plot. Further application of the Muskat plot will 
help evaluate the effectiveness of this tool in predicting the 
stabilized cavern pressure.

The application of other plots, theories, and type curves 
should be investigated in future L&U analysis.

METHOD 4 0.17 BCF Total L&U

METHOD 5 0.14 BCF Current Year L&U

Brad Hollenbaugh 
Reservoir & Storage Eng. 
WestGas 11/27/91
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METHOD 3 0.24 BCF Total L&U 

Stabilized cavern pressure of 90 psig predicted by 
evaluating pressure buildup data (shut in after withdrawal). 
Extrapolated pressure from a curve of Pressure vs. buildup time. 
Assumes 11.6 MMCF/psig stabilized. 

METHOD 4 0.17 BCF Total L&U 

Analysis of pressure fall off data (shut in after 
injection) to predict stabilized cavern pressure. This is 
conservative in that it is the minimum L&U and the actual L&U is 
probably higher than this. Assumes 11.6 MMCF/psig stabilized. 

METHOD 5 0.14 BCF Current Year L&U 

Comparison of book volume in 1991 to book volume in 1990 
for a similar stabilized pressure condition. Horner plot used 
for predicting stabilized cavern pressures. Assumes 11.6 
MMCF/psig stabilized, but result is not very dependent on this 
assumption. The current year L&U could be higher than the 
historic L&U trend of 0 .. 1 BCF/year due-to the extreme-low 
pressure.drawdown ·this summer. : 

METHOD 6 0.1 BCF Current Year L&U 

This is based on the historic trend. Documentation can be 
found in the 1/3/91 L&U Report. 

RECOMMENDATIONS 

The Horner plot does not appear to be a great tool for 
predicting the stabilized cavern pressure. The extrapolation is 
not obvious, and the results do not agree with the Muskat 
method; The Horner plot may be adequate when comparing a 
pressure condition from one year to a similar pressure condition 
of another year (method 5). 

The Muskat plot behaves as expected and may be superior to 
the Horner plot. Further application of the Muskat plot will 
help evaluate the effectiveness of this tool in predicting the 
stabilized cavern pressure. 

The application of other plots, theories, and type curves 
should be investigated in future L&U analysis. 
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Brad Hollenbaugh 
Reservoir & Storage Eng. 
WestGas 11/27/91 
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5/2/91 TO 8/13/91 MODIFIED HORNER PLOT 

120 --y---------------------------------, 

110 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

~ ex~f\~o~RJ v-o 1t rSIC /ll~~ltl\\J&-

\ Nori!: AcJnJ~ PRo.Wlff7.01J TllY\~ PR.to(2 TO .C~t- 11V 
\ w-M o'I .bA"-1£ I w ~hl\¼ 1-S ft\.VC.\.l.. 6~ 

nt~N ,= IS. .nA-'1S u~ ~ FtJ '2:- nl-tJ PLJ71--. 

0 -+-----,---~----.-------..-----,.-----.----------~------~ 
0 0.2 0.4 0.6 0.8 1 1.2 

LOG{T +OT) /OT 
A~vmeb 
T = 15 DAYS. PRo~ll(liON {)KlcJR 
,o S\-\ur I rJ 

,-. 

--., 
\ 



(

LEYDEN PRESSURE BUILDUP AFTER SHUT IN ON WITHDRAWAL 
5/2/91 THROUGH 8/13/91 MODIFIED HORNER PLOT

T = 60

DATE PRESSURE
PSIG

02-May-91 61.7
03-May-91 62.9
04-May-91 63.5
05-May-91 64
06-May-91 64.6
07-May-91 65
08-May-91 65.5
09-May-91 66.1
10-May-91 66.6
ll-May-91 66.9
12-May-91 67.3
13-May-91 67.6
14-May-91 68.1
15-May-91 68.5
16-May-91 68.8
17-May-91 ; 69
18-May-91 69.3
19-May-91 69.7
20-May-91 70
21-May-91 70.3
22-May-91 70.7
23-May-91 70.9
24-May-91 71.1
25-May-9i 71.4
26-May-91 71.7
27-May-91 71.9
28-May-91 72.2
29-May-91 72.5
30-May-91 73
31-May-91 73.2
Ol-Jun-91 73.4
02-Jun-91 73.6
03-Jun-91 73.8
04-Jun-91 73.9
05-Jun-91 74
0 6-Jun-91 74.2
07-Jun-91 74.4
08-Jun-91 74.6
0 9-Jun-91 74.8
10-Jun-91 75
ll-Jun-91 75.2
12-Jun-91 75.4
13-Jun-91 75.7

DT
DAYS

(T+DT)/DT LOG
(T+DT)/T

1 61 1.785329
2 31 1.491361
3 21 1.322219
4 16 1.204119
5 13 1.113943
6 11 1.041392
7 9.571428 0.980976
8 8.5 0.929418
9 7.666666 0.884606

10 7 0.845098
11 6.454545 0.809865
12 6 0.778151
13 5.615384 0.749379
14 5.285714 0.723103
15 5 0.698970
16 4.75 0.676693
17 4.529411 0.656041
18 4.333333 0.636822
19 4.157894 0.618873
20 4 0.602059
21 3.857142 0.586265
22 3.727272 0.571391
23 3.608695 0.557350
24 3.5 0.544068
25 3.4 0.531478
26 3.307692 0.519525
27 3.222222 0.508155
28 3.142857 0.497324
29 3.068965 0.486992
30 3 0.477121
31 2.935483 0.467679
32 2.875 0.458637
33 2.818181 0.449969
34 2.764705 0.441648
35 2.714285 0.433655
36 2.666666 0.425968
37 2.621621 0.418570
38 2.578947 0.411442
39 2.538461 0.404570
40 2.5 0.397940
41 2.463414 0.391537
42 2.428571 0.385350
43 2.395348 0.379368

&0 t-ivg$l

LD91L&U1.
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LEYDEN PRESSURE BUILDUP AFTER SHUT IN ON WITHDRAWAL LD91L&Ul. 
5/2/91 THROUGH 8/13/91 MODIFIED HORNER PLOT 

T = 60 

DATE PRESSURE DT (T+DT) /DT LOG 
PSIG DAYS (T+DT)/T 

02-May-91 61. 7 1 61 1.785329 
03-May-91 62.9 2 31 1.491361 
04-May-91 63.5 3 21 1.322219 
05-May-91 64 4 16 1.204119 
06-May-91 64.6 5 13 1.113943 
07-May-91 65 6 11 1. 041392 
08-May-91 65.5 7 9.571428 0.980976 
09-May-91 66.1 8 8.5 0.929418 
10-May.;....91 66.6 9 7.666666 0.884606 
11-May-91 66.9 10 7 0.845098 
12-May-91 67.3 11 6.454545 0.809865 
13..,..May-91 67.6 12 6 0.778151 
14-May-91 68.1 13 5.615384 0.749379 
15-May-91 68.5 14 5.285714 0.723103 
16-May-91 68.8 15 5 0.698970 
17-May-91' 69 lG 4.75 0.676693 
18-May-91 69.3 17 4.529411 0.656041 
19-May-91 69.7 18 4.333333 0.636822 
20-May-91 70 19 4.157894 0.618873 
21-May-91 70.3 20 4 0.602059 
22-May-91 70.7 21 3.857142 0.586265 
23-May-91 70.9 22 3.727272 0.571391 
24-May-91 71.1 23 3.608695 0.55'7350 
25-May-9i 71. 4 24 3.5 0.544068 
26-Mci.y-91 71. 7 25 3.4 0.531478 
27-May-91 71. 9 26 3.307692 0.519525 
28-May-91 72.2 27 3.222222 0.508155 
29-May-91 72.5 28 3.142857 0.497324 
30-May-91 73 29 3.068965 0.486992 
31-May-91 73.2 30 3 0.477121 
01-Jun-91 73.4 31 2.935483 0.467679 
02-Jun-91 73.6 32 2.875 0.458637 
03-Jun-91 73.8 33 2.818181 0.449969 
04-Jun-91 73.9 34 2.764705 0.441648 
05-Jun-91 74 35 2.714285 0.433655 
06-Jun-91 74.2 36 2.666666 0.425968 
07-Jun-91 74.4 37 2.621621 0.418570 
08-Jun-91 74.6 38 2.578947 0.411442 
09-Jun-91 74.8 39 2.538461 0.404570 
10-Jun-91 75 40 2.5 0.397940 
11-Jun-91 75.2 41 2.463414 0.391537 
12-Jun-91 75.4 42 2.428571 0.385350 
13-Jun-91 75.7 43 2.395348 0.379368 

fr/, /0 PSC 039819 
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14-Jun-91 75.8 44 2.363636 0.373580
15-Jun-91 76 45 2.333333 0.367976
16-Jun-91 76.1 46 2.304347 0.362548
17-Jun-91 76.3 47 2.276595 0.357285
18-Jun-91 76.4 48 2.25 0.352182
19-Jun-91 76.6 49 2.224489 0.347230
20-Jun-91 76.8 50 2.2 0.342422
21-Jun-91 76.9 51 2.176470 0.337752
22-Jun-91 77.1 52 2.153846 0.333214
23-Jun-91 77.2 53 2.132075 0.328802
24-Jun-91 77.4 54 2.111111 0.324511
25-Jun-91 77.6 55 2.090909 0.320335
26-Jun-91 77.7 56 2.071428 0.316269
27-Jun-91 77.8 57 2.052631 0.312311
28-Jun-91 78 58 2.034482 0.308454
29-Jun-91 78.1 59 2.016949 0.304694
30-Jun-91 78.3 60 2 0.301029
Ol-Jul-91 78.4 61 1.983606 0.297455
02-Jul-91 78.5 62 1.967741 0.293968
03-Jul-91 78.5 63 1.952380 0.290564
04-Jul-91 78.7 64 1.9375 0.287241
05-Jul-91 78.9- 65 1.923076 0.283996
06-Jul-91 : 79.1 66 1.909090- 0.2 8 0 8 2 6:
07-Jul-91 79.2 67 1.895522 0.277728
08-Jul-91 79.4 68 1.882352 0.274701
09-Jul-91 79.5 69 1.869565 0.271740
10-Jul-91 79.6 70 1.857142 0.268845
1l-Jul-91 79.6 71 1.845070 0.266012
12-Jul-91 79.8 72 1.833333 0.263241
13-Jul-91 79.9 73 1.821917 0.260528
14-Jul-91 80 74 1.810810 0.257873
15-Jul-91 80.1 75 1.8 0.255272
16-Jul-91 80.2 76 1.789473 0.252725
17-Jul-91 80.3 77 1.779220 0.250229
18-Jul-91 80.5 78 1.769230 0.247784
19-Jul-91 80.6 79 1.759493 0.245387
20-Jul-91 80.7 80 1.75 0.243038
21-Jul-91 80.8 81 1.740740 0.240734
22-Jul-91 80.9 82 1.731707 0.238474
23-Jul-91 81 83 1.722891 0.236257
24-Jul-91 81.1 84 1.714285 0.234083
25-JU1-91 81.2 85 1.705882 0.231949
2 6-Jul-91 81.3 86 1.697674 0.229854
27-Jul-91 81.4 87 1.689655 0.227798
28-Jul-91 81.5 88 1.681818 0.225779
2 9-Jul-91 81.6 89 1.674157 0.223796
30-Jul-91 81.7 90 1.666666 0.221848
31-Jul-91 81.8 91 1.659340 0.219935
01-Aug-91 81.9 92 1.652173 0.218055
02-Aug-91 82 93 1.645161 0.216208

A/.* ^ ^
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14-Jun-91 75.8 44 2.363636 0.373580 
15-Jun-91 76 45 2.333333 0.367976 
16-Jun-91 76.1 46 2.304347 0.362548 
17-Jun-91 76.3 47 2.276595 0.357285 
18-Jun-91 76.4 48 2.25 0.352182 
19-Jun-91 76.6 49 2.224489 0.347230 
20-Jun-91 76.8 50 2.2 0.342422 
21-Jun-91 76.9 51 2.176470 0.337752 
22-Jun-91 77.1 52 2.153846 0.333214 
23-Jun-91 77.2 53 2.132075 0.328802 
24-Jun-91 77.4 54 2.111111 0.324511 
25-Jun-91 77.6 55 2.090909 0.320335 
26-Jun-91 77.7 56 2.071428 0.316269 
27-Jun-91 77.8 57 2.052631 0.312311 
28-Jun-91 78 58 2.034482 0.308454 
29-Jun-91 78.1 59 2.016949 0.304694 
30-Jun-91 78.3 60 2 0.301029 
01-Jul-91 78.4 61 1. 983606 0.297455 
02-Jul-91 78.5 62 1.967741 0.293968 
03-Jul-91 78.5 63 1.952380 0 .,2 90564 
04-Jul-91 78.7 64 1.9375 0.287241 
05-Jul-91 78.9- 65 1.923076 0.283996 
06-Jul-91 79 .1 · 66 ·1. 909090· 0. 280826' 
07-Jul-91 79.2 67 1.895522 0.277728 
08-Jul-91 79.4 68 1.882352 0.274701 
09-Jul-91 79.5 69 1.869565 0.271740 
10-Jul-91 79.6 70 1.857142 0.268845 
ll-Jul-91 79.6 71 1.845070 0.266012 
12-Jul-91 79.8 72 1.833333 0.263241 
13-Jul-91 79.9 73 1.821917 0.260528 
14-Jul-91 80 74 1.810810 0.257873 
15-Jul-91 80.1 75 1.8 0.255272 
16-Jul-91 80.2 76 1.789473 0.252725 
17-Jul-91 80.3 77 1.779220 0.250229 
18-Jul-91 80.5 78 1.769230 0.247784 
19-Jul-91 80.6 79 1.759493 0.245387 
20-Jul-91 80.7 80 1. 7 5 ·o. 243038 
21-Jul-91 80.8 81 1.740740 0.240734 
22-Jul-91 80.9 82 1.731707 0.238474 
23-Jul-91 81 83 1.722891 0.236257 
24-Jul-91 81.1 84 1.714285 0.234083 
25-Jul-91 81. 2 85 1.705882 0.231949 
26-Jul-91 81. 3 86 1.697674 0.229854 
27-Jul-91 81. 4 87 1.689655 0.227798 
28-Jul-91 81.5 88 1.681818 0.225779 
29-Jul-91 81. 6 89 1.674157 0.223796 
30-Jul-91 81. 7 90 1.666666 0.221848 
31-Jul-91 81. 8 91 1.659340 0.219935 
01-Aug-91 81. 9 92 1.652173 0.218055 
02-Aug-91 82 93 1.645161 0.216208 
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03-Aug-91 82.1 94 1.638297 0.214392
04-Aug-91 82.2 95 1.631578 0.212608
05-Aug-91 82.3 96 1.625 0.210853
06-Aug-91 82.4 97 1.618556 0.209127
07-Aug-91 82.5 98 1.612244 0.207431
08-Aug-91 82.6 99 1.606060 0.205761
0 9-Aug-91 82.6 100 1.6 0.204119
10-Aug-91 82.7 101 1.594059 0.202504
11-Aug-91 82.8 102 1.588235 0.200914
12-Aug-91 82.8 103 1.582524 0.199350
13-Aug-91 82.9 104 1.576923 0.197810

At, 12 PSC 039821

( 

03-Aug-91 82.1 94 1. 638297 0.214392 
04-Aug-91 82.2 95 1.631578 0.212608 
05-Aug-91 82.3 96 1. 625 0.210853 
06-Aug-91 82.4 97 1. 618556 0.209127 
07-Aug-91 82.5 98 1.612244 0.207431 
08-Aug-91 82.6 99 1.606060 0.205761 
09-Aug-91 82.6 100 1. 6 0.204119 
10-Aug-91 82.7 101 1. 594059 0.202504 
11-Aug-91 82.$ 102 1.588235 0.200914 
12-Aug-91 82.8 103 1.582524 0.199350 
13-Aug-91 82.9 104 1 .. 576923 0.197810 
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LEYDEN BUILDUP ANALYSIS 
ESTIMATING STABILIZED CAVERN PRESSURE 
5/2/91 TO 8/13/91 BUltDUP MUSKAT PLOT 
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LEYDEN BUILDUP ANALYSIS 
ESTIMATING STABILIZED CAVERN PRESSURE 
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ESTIMATING STAB·ILIZED CAVERN PRESSURE 
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f (
LEYDEN PRESSURE BU^DUP AFTER SHUT IN ON WITHLxvAWAL
5/2/91 THROUGH 8/13/91 MODIFIED HORNER PL

Pws = 90 T = 120

DATE t-' PRESSURE DT DP = (T+DT)/DT LOG
PSIG DAYS Pws-P (T+DT)/T

02-May-91 61.7 1 28.3 121 2.082785
03-May-91 62.9 2 27.1 61 1.785329
04-May-91 63.5 3 26.5 41 1.612783
05-May-91 64 4 26 31 1.491361
06-May-91 64.6 5 25.4 25 1.397940
07-May-91 65 6 25 21 1.322219
08-May-91 65.5 7 24.5 18.14285 1.258705
09-May-91 66.1 8 23.9 16 1.204119
10-May-91 66.6 9 23.4 14.33333 1.156347
ll-May-91 66.9 10 23.1 13 1.113943
12-May-91 67.3 11 22.7 11.90909 1.075878
13-May-91 67.6 12 22.4 11 1.041392
14-May-91 68.1 13 21.9 10.23076 1.009908
15-May-91 68.5 14 21.5 9.571428 0.980976
16-May-91 68.8 15 21.2 9 0.954242
17-May-91 69- 16 21 8.5 0.929418
18-May-91 69.3 17 20.7 8.058823 0.906271
19-May-91 69.7 18 20.3 7.666666 0.884606
20-May-91 70 19 20 7.315789 0.864261
21-May-91 70.3. 20 19.7 7 0.845098
22-May-91 70.7 ; 21 19.3: 6.714285 0.826999
23-May-91 70.9 22 19.1 6.454545 0.809865
24-May-91 71.1 23 18.9 6.217391 0.793608
25-May-91 71.4 24 18.6 6 0.778151
26-May-91 71.7 25 18.3 5.8 0.763427
27-May-91 71.9 26 18.1 5.615384 0.749379
28-May-91 72.2 27 17.8 5.444444 0.735953
29-May-91 72.5 28 17.5 5.285714 0.723103
30-May-91 73 29 17 5.137931 0.710788
31-May-91 73.2 30 16.8 5 0.698970
Ol-Jun-91 73.4 31 16.6 4.870967 0.687615
02-Jun-91 73.6 32 16.4 4.75 0.676693
03-Jun-91 73.8 33 16.2 4.636363 0.666177
04-Jun-91 73.9 34 16.1 4.529411 0.656041
05-Jun-91 74 35 16 4.428571 0.646263
06-Jun-91 74.2 36 15.8 4.333333 0.636822
07-Jun-91 74.4 37 15.6 4.243243 0.627697
08-Jun-91 74.6 38 15.4 4.157894 0.618873
09-Jun-91 74.8 39 15.2 4.076923 0.610332
10-Jun-91 75 40 15 4 0.602059
ll-Jun-91 75.2 41 14.8 3.926829 0.594042
12-Jun-91 75.4 42 14.6 3.857142 0.586265
13-Jun-91 75.7 43 14.3 3.790697 0.578719
14-Jun-91 75.8 44 14.2 3.727272 0.571391
15-Jun-91 76 45 14 3..666666 0.564271
16-Jun-91 76..1 46 13.9 3.608695 0.557350
17-Jun-91 76.3 47 13.7 3.553191 0.550618
18-Jun-91 76.4 48 13.6 3.5 0.544068
19-Jun-91 76.6 49 13.4 3.448979 0.537690
20-Jun-91 76.8 50 13.2 3.4 0.531478
21-Jun-91 76.9 51 13.1 3.352941 0.525425
22-Jun-91 77.1 52 12.9 3.307692 0.519525
23-Jun-91 77.2 53 12.8 3.264150 0.513770

/3-X7-

/Y\u$k&r

P*-oT

PSC 039828

---- -

( (" 
LEYDEN PRESSURE BU.~DUP AFTER SHUT IN ON WITHLn.AWAL 
5/2/91 THROUGH 8/13/91 MODIFIED HORNER PL 

Pws = 90 T = 120 

DATE i1 = PRESSURE DT DP= (T+DT)/DT LOG 
PSIG DAYS Pws-P (T+DT)/T 

02-May-91 61. 7 1 28.3 121 2.082785 
03-May-91 62.9 2 27.1 61 1.785329 
04-May-91 63.5 3 26.5 41 1.612783 
05-May-91 64 4 26 31 1.491361 
06-May-91 64. 6 5 25.4 25 1. 397940 
07-May-91 65 6 25 21 1.322219 
08-May-91 65.5 7 24.5 18.14285 1.258705 
09-May-91 66.1 8 23.9 16 1.204119 
10-May-91 66.6 9 23.4 14.33333 1.156347 
11-May-91 66.9 10 23.1 13 1.113943 
12-May-91 67.3 11 22,. 7 11. 90909 1. 075878 
13-May-91 67. 6 12 22.4 11 1.041392 
14-May-91 68.1 13 21. 9 10.23076 1.009908 
15-May-91 68.5 14 21.5 9.571428 0.980976 
16-May-91 68.8 15 21.2 9 0.954242 
17-May-91 69 · 16 21 8.5 0.929418 
18-May-91 69.3 17 20.7 8.058823 0.906271 
19-May-91 69.7 18 20.3 7.666666 0.884606 
20-May-91 70 19 20 7.315789 0.864261 
21-May-91 70.3. 20 19.7 7 0.845098 
22--May-91 70.7 2f 19.3,6.71428$ 0.826999 
23-May-91 70.9 22 19.1 6.454545 0.809865 
24-May-91 71.1 23 18.9 6.217391 0.793608 
25-May-91 71. 4 24 18.6 6 0.778151 
26-May-91 71. 7 25 18.3 5.8 0.763427 
27-May-91 71. 9 26 18.1 5.615384 0.749379 
28-May-91 72.2 27 17.8 5.444444 0.735953 
29-May-91 72.5 28 17.5 5.285714 0.723103 
30-May-91 73 29 17 5.137931 0.710788 
31-May-91 73.2 30 16.8 5 0.698970 
01-Jun-91 73.4 31 16.6 4.870967 0.687615 
02-Jun-91 73.6 32 16.4 4.75 0.676693 ,'Y\uS\(~1 03-Jun-91 73.8 33 16.2 4.636363 0.666177 
04-Jun-91 73.9 34 16.1 4.529411 0.656041 {)(.oT 
05-Jun-91 74 35 16 4.428571 0.646263 
06-Jun-91 74.2 36 15.8 4.333333 0.636822 
07-Jun-91 74.4 37 15.6 4.243243 0.627697 
08-Jun-91 74.6 38 15.4 4.157894 0.618873 
09-Jun-91 74.8 39 15.2 4.076923 0.610332 
10-Jun-91 75 40 15 4 0.602059 
11-Jun-91 75.2 41 14.8 3.926829 0.594042 
12-Jun-91 75.4 42 14.6 3.857142 0.586265 
13-Jun-91 75.7 43 14.3 3.790697 0.578719 
14-Jun-91 75.8 44 14.2 3.727272 0.571391 
15-Jun-91 76 45 14 3 .. 6 66666 0.564271 
16-Jun-91 76 .. 1 46 13.9 3.608695 0.557350 
17-Jun-91 76.3 47 13.7 3.553191 0.550618 
18-Jun-91 76.4 48 13.6 3.5 0.544068 
19-Jun-91 76.6 49 13.4 3.448979 0.537690 
20-Jun-91 76.8 so 13.2 3.4 0.531478 
21-Jun-91 76.9 51 13.1 3.352941 0.525425 
22-Jun-91 77.1 52 12.9 3.307692 0.519525 
23-Jun-91 77.2 53 12.8 3.264150 0.513770 
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24-Jun-91
*, / .4

54 12.6
{

3.222^22 0.508155
25-Jun-91 77.6 55 12.4 3.181818 0.502675
26-Jun-91 77.7 56 12.3 3.142857 0.497324
27-Jun-91 77.8 57 12.2 3.105263 0.492098
28-Jun-91 78 58 12 3.068965 0.486992
29-Jun-91 78.1 59 11.9 3.033898 0.482001
30-Jun-91 78.3 60 11.7 3 0.477121
01-Jul-91 78.4 61 11.6 2.967213 0.472348
02-Jul-91 78.5 62 11.5 2.935483 0.467679
03-Jul-9l 78.5 63 11.5 2.904761 0.463110
04-Jul-91 78.7 64 11.3 2.875 0.458637
05-Jul-91 78.9 65 11.1 2.846153 0.454258
06-Jul-91 79.1 66 10.9 2.818181 0.449969
07-Jul-91 79.2 67 10.8 2.791044 0.445766
08-Jul-91 79.4 68 10.6 2.764705 0.441648
0 9-Jul-91 79.5 69 10.5 2.739130 0.437612
10-Jul-91 79.6 70 10.4 2.714285 0.433655
ll-Jul-91 79.6 71 10.4 2.690140 0.429775
12-Jul-91 79.8 72 10.2 2.666666 0.425968
13-Jul-91 79.9 73 10.1 2.643835 0.422234
14-Jul-91 80 74 10 2.621621 0.418570
15-Jul-91 80.1 75 9.9 2.6 0.414973
16-Jul-91 80.2 76 9.8 2.578947 0.411442
17-Jul-91 80.3 77 9.7 2.558441 0.407975
18-Jul-91 80.5 78 9.5 2.538461 0.404570
19-Jul-91 80.6 79 9.4 2.518987 0.401225
20-Jul-91 80.7 80 9.3 2.5 0.397940
21-Jul-91 . 80.8 : 81 \ 9.2 2.481481. 0.394711
22-Jul-91 80.9 82 9.1 2.463414 0.391537
23-Jul-91 81 83 9 2.445.783 0.388417
24-Jul-91 81.1 84 8.9 2.428571 0.385350
25-Jul-91 81.2 85 8.8 2.411764 0.382334
26-Jul-91 81.3 86 8.7 2.395348 0.379368
27-Jul-91 81.4 87 8.6 2.379310 0.376451
28-Jul-91 81.5 88 8.5 2.363636 0.373580
2 9-Jul-91 81.6 89 8.4 2.348314 0.370756
30-Jul-91 81.7 90 8.3 2.333333 0.367976
31-Jul-91 81.8 91 8.2 2.318681 0.365241
01-Aug-91 81.9 92 8.1 2.304347 0.362548
02-Aug-91 82 93 8 2.290322 0.359896
03-Aug-91 82.1 94 7.9 2.276595 0.357285
04-Aug-91 82.2 95 7.8 2.263157 0.354714
05-Aug-91 82.3 96 7.7 2.25 0.352182
06-Aug-91 82.4 97 7.6 2.237113 0.349687
07-Aug-91 82.5 98 7.5 2.224489 0.347230
08-Aug-91 82.6 99 7.4 2.212121 0.344808
09-Aug-91 82.6 100 7.4 2.2 0.342422
10-Aug-91 82.7 101 7.3 2.188118 0.340070
11-Aug-91 82.8 102 7.2 2.176470 0.337752
12-Aug-91 82.8 103 7.2 2.165048 0.335467
13-Aug-91 82.9 104 7.1 2.153846 0.333214
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24-Jun-91 t 
I I • 4 54 

( 
12. 6 3.22L~22 0.508155 

25-Jun-91 77.6 55 12.4 3.181818 0.502675 
26-Jun-91 77.7 56 12.3 3.142857 0.497324 
27-Jun-91 77.8 57 12.2 3.105263 0.492098 
28-Jun-91 78 58 12 3.068965 0.486992 
29-Jun-91 78.1 59 11. 9 3.033898 0.482001 
30-Jun-91 78.3 60 11. 7 3 0.477121 
01-Jul-91 78.4 61 11. 6 2.967213 0.472348 
02-Jul-91 78.5 62 11.5 2.935483 0.467679 
03-Jul-91 78.5 63 11.5 2.904761 0.463110 
04-Jul-91 78.7 64 11. 3 2.875 0.458637 
05-Jul-91 78.9 65 11.1 2.846153 0.454258 
06-Jul-91 79.1 66 10.9 2.818181 0.449969 
07-Jul-91 79.2 67 10.8 2.791044 0.445766 
08-Jul-91 79.4 68 10.6 2.764705 0.441648 
09-Jul-91 79.5 69 10.5 2.739130 0.437612 
10-Jul-91 79.6 70 10.4 2.714285 0.433655 
11-Jul-91 79.6 71 10.4 2.690140 0.429775 
12-Jul-91 79.8 72 10.2 2.666666 0.425968 
13-Jul-91 79.9 73 10.1 2.643835 0.422234 
14-Jul-91 80 74 10 2.621621 0.418570 
15-Jul-91 80.1 75 9.9 2.6 0!414973 
16-Jul-91 80.2 76 9.8 2.578947 0.411442 
17-Jul-91 80.3 77 9.7 2.558441 0.407975 
18-Jul-91 80.5 78 9.5 2.538461 0.404570 
19-Jul-91 80.6 79 9.4 2.518987 0.401225 
20-Jul-91 80.7 80 9.3. 2.5 0.397940 -
21....:.Jul-91 80.8 81 9.2 2.481481 0.394711: 
22-Jul-91 80.9 82 9.1 2.463414 0.391537 
23-Jul-91 81 83 9 2.445~83 0.388417 
24-Jul-91 81.1 84 8. 9 2.428571 0.385350 
25-Jul-91 81.2 85 8.8 2.411764 0.382334 
26-Jul-91 81. 3 86 8.7 2.395348 0.379368 
27-Jul-91 81.4 87 8.6 2.379310 0.376451 
28-Jul-91 81. 5 88 8.5 2.363636 0.373580 
29-Jul-91 81. 6 89 8.4 2.348314 0.370756 
30-Jul-91 81. 7 90 8.3 2.333333 0.367976 
31-Jul-91 81. 8 91 8.2 2.318681 0.365241 
Ol-Aug-91 81. 9 92 8.1 2.304347 0.362548 
02-Aug-91 82 93 8 2.290322 0.359896 
03-Aug-91 82.1 94 7.9 2.276595 0.357285 ff\uS~~,-04-Aug-91 82.2 95 7.8 2.263157 0.354714 
05-Aug-91 82.3 96 7.7 2.25 0.352182 

f>LOI 06-Aug-91 82.4 97 7.6 2.237113 0.349687 
07-Aug-91 82.5 98 7.5 2.224489 0.347230 
08-Aug-91 82.6 99 7.4 2.212121 0.344808 
09-Aug-91 82.6 100 7.4 2.2 0.342422 
10-Aug-91 82.7 101 7.3 2.188118 0.340070 
11-Aug-91 82.8 102 7.2 2.176470 0.337752 
12-Aug-91 82.8 103 7.2 2.165048 0.335467 
13-Aug-91 82.9 104 7 .1 2.153846 0.333214 
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LEYDEN PRESSURE BUILDUP
5/2/91 TO 8/13/91
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LEYDEN PRESSU·RE BUILDUP 
5/2/91 TO 8/13/91 
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LEYDEN PRESSURE FALL0FF (shut in after injection) 
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Leyden Pressure Decline, Shut in After Injection Period 
Fall Off Data For 10/31/91 to 11/18/91 ld911&ul.wkq

T = 274 56
Horner Plot Data

Date Day Pressure (T+DT)/DT (T+DT)/DT 
psig

31-Oct-91 1 241.2 275 57
Ol^Nov-91 2 241.3 138 29
02-Nov-91 3 241 92.3333333 19.66666
03-Nov-91 4 240.8 69.5 15
04-Nov-91 5 240.5 55.8 12.2
05-Nov-91 6 240.3 46.6666666 10.33333
06-Nov-91 7 240.1 40.1428571 9
07-Nov-91 8 239.6 35.25 8
08-Nov-91 9 239.5 31.4444444 7.222222
09-Nov-91 10 239.3 ' 28.4 6.6
lO-Nov-91 11 239 25.9090909 6.090909
11-Nov-91 12 238.8 23.8333333 5.666666
12-Nov-91 13 238.5 22.0769230 5.307692
13-Nov-91 14 238.3 20.5714285 5
14-Nov-9l 15 238.3 19.2666666 4.733333
15.-Nov-91 16 237.8 18.125 4,5
16-Nov-91 17 . 237.8 17.1176470 4.2 9 411;7
17-Nov-91 18 237.7 16.2222222 4.111111
18-Nov-91 19 237.7 15.4210526 3.947368

ffH>6 PSC 039837
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Leyden Pressure Decline, Shut in After Injection Period 
Fall Off Data For 10/31/91 to 11/18/91 ld9ll&ul.wkq 

Date 

31-Oct-91 
01....,Nov-91 
02-Nov-91 
03-Nov-91 
04-Nov-91 
05-Nov-91 
06-Nov-91 
07-Nov-91 
08-Nov-91 
09-Nov-91 
10-Nov-91 
11-Nov-91 
12-Nov-91 
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14-Nov-91 
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18-Nov-91 

Day 
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T = 274 56 
Horner Plot Data 

Pressure (T+DT)/DT (T+DT)/DT 
psig 
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REVISED

PAGE 1

SUMMARY OF GAS DELIVERED

Gas Delivered To:Leyden Storage Projectat__Leyden

For Period From , December 1, 1990'____ To___December 31, 1990_

Volume in MCF for 14.65#

Injection 407,132

Withdrawal - 588,943

L & U Adjustment - 540,000

Net Withdrawal 721,811

12.37#

482,166

697,485

639,522

854,841

Storage as of Midnight 

Cushion Gas 

Working Gas 

Total in storage

794,000

1.945.030

2.739.030

940,334

2,303,510

3,243,844

PSC 039841

{ ... 

SUMMARY OF GAS DELIVERED 

REVISED 
PAGE 1 

Gas Delivered To: ___ Leyden Storage Project ____ at_Leyden_ 

For Period From_,_December 1, 1990' ___ To __ December 31, 1990 __ 
----------------------------------------------------------------

Volume in MCF for 14.65# 12.37tt 

Injection 407,132 482,166 

Withdrawal - 588,943 - 697,485 

L & U Adjustment - 540,000 - 639,522 

Net- Withdrawal 721,811 854,841 

Storage as of Midnight 

Cushion Gas 794,000 940,334 

Working Gas 1,945,030 2,303,510 

Total in storage 2,739,030 3,243,844 

PSC 039841 



interoffice Memo

WestGas
Western Gas Supply Company

January 14,1991

To: R. A. Beals, Engineering Manager, WestGas

From: Bill Uding, Supervisor, Reservoir and Storage Engineering

Subj.: Leyden Lost and Unaccounted for Gas

Brad Hollenbaugh has recently completed an intensive study of the gas inventory levels in 
Leyden. Based on this study, we are recommending that 540,000 Mcf be reported as Lost and 
Unaccounted For.

The study suggests that losses have been occurring at the rate of about 100,000 Mcf per year 
since the beginning of operations at Leyden in 1960. The cavern was drawn down to 50 Psig 
this summer and we had a much longer low pressure shut-in than in previous years. This gener­
ated much better data enabling a reliable calculation of the inventory level. A total of only 
30,400 Mcf has been reported as L & U since 1982.

If you concur with this recommendation, please forward for approvals and I will ask WestGas 
Accounting to make the proper reports to Public Service Co.

Approval:

C. H. Becker, Manager, Eng. Div.

L. T. Leeburg, V. P. WestGas

FORM (A) 793-22-4892 PSC 039842

~WestGas· 
Western Gas Supply Company 

To: R. A. Beals, Engineering Manager, WestGas 

From: Bill Ucling, Supervisor, Reservoir and Storage Engineering 

Subj.: Leyden Lost and Unaccounted for Gas 

( 
fnteroffice Memo 

January 14, 1991 

Brad Hollenbaugh has recently completed an intensive study of the gas inventory levels in 
Leyden. Based on this study, we are recommending that 540,000 Mcf be reponed as Lost and 
Unaccounted For. · 

The study suggests that losses have been occurring at the rate of about 100,000 Mcf per year 
since the beginning of operations at Leyden in 1960. The cavern was drawn down to 50 Psig 
this summer and we had a much longer low pressure shut-in than in previous years. This gener­
ated much better data enabling a reliable calculation of the inventory level. A total of only 
30,400 Mcf has been reported_as L & U since 1982. 

. . 

If you concur with this recommendation, please forward for approvells and I will ask WestG.as 
Accounting to make the proper repons to Public Service Co. 

Bill Uding 

Approval: 

~ _£ ~ 
C.H. Becker, Manager, Eng. Div. 

::?~~ 
L. T. Leeburg, V. P. WestGas 

FORM (A) 798-22·4S92 PSC 039842 
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f

JANUARY 1. 1990
GAS STORED IN UNDERGROUND STORAGE 

’ ’ AT
LEYDEN STORAGE

=5;

iS THE INVENTORY LEVELS FOR LEYDEN STORAGE AS OF JANUARY 1. 1990.

r.Cr COST/NCF TOTAL COST

40,000 0.076559000 43,063.56

1,353.205 0.204999002 •4275.430.67 1970

540.651 > • 1.436779993 4303,529.09 1979

3.772 1.953615770 47.432.21 1930'

370,625 3.731990011 41,353.172.53

2,572 3.445415019 45.561.61 19.J4

33,205 3.415297732 ’4113.391.30 1955

; Wf ' ;
_I5j.6 /»
W '

2.83949995E 734.504.52 1959

2,607,701 43.332,735.79

PSC 039844
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HHUA~'f I. 1 H:) 
GAi SiOiEO IN UttDEiGiOUND SiOiA&E 

AT 
LEYDEll S TOi:AGE 

( 

AiE THE INVENTOiY LEVEL3 FOR LEYDEtt 3i0~AGE AS OF JANUA~Y I. 1$90. 

!\Cr cos,f /r.cr iOiAl C05i 

----------- --·------·--- ----------------

40,000 li.0765691)00 S3,06~.5b 

1. 355,205 0. 20&999002 ·J275.431),67 1970 

5~0.651 ; 1.ao77999~ H03,cH.Oll 1979 

'-" 
3. 772 1. 9t36H,770 Si.&31.,1 1%0 

3i0, 62& ~. 7319'l0011 Sl, 3.:.3. i:'1. 5~ 

2.sn 3. H5&16019 1.; .. ;-;l.61 lq-H. 

3.'&1529773£ Sl 13. 3q1. lv 1935 

2.e39&999c.t 734,5•l'.o2 1~sq 

---------------------------
2,F..o);,101 H.JJl, 735. i9 

==-=======-==-=-= -----------
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t

£vwn?j L .2.0/..

. 77^ . /?£&. /5m . €(^mynmr Ao^tJO

.&3. Cto&wte hnJiWaj £ $V\uo). Ai2^r

Cu^ite^tLy- .<&JMjJA7U06. TJHr <£(JtUifc£Z0A/. ~p^i~ l4Aif& •

„&i. corfH . .HfoL -llz/ty ■ '. .2 ..

. &&4bil . .Mtiw/ Utfi^ V° oj&h? ..OPPr-TtitS -
Yhl^l- ■ Ae« £ofl|2Xi»^/. .^. <&HL 0V>J- - 7~ti<<S-

ilUv-

PSC 039845

I I 

t 

.. ·• ·- - . ·- _ ..... ····· ... --- . -~·· ............. ••· ... ·••· ······ ... ·-· . .. ....... , .. •· - --- ... _, ····•· ... 

. . . Ttie- _- P.iG .---/1i~ _· -i;~~0v.i- .. -~~o _···-_r:_;; .. ·_ .. 

· · &n. /JIJ&>OO ~- (l.Jesrr; M hW;~C,{{' [ ~V\lf P0 ) . A--fZ._e-

···· ·. Cu.-R.~Y-- .fi!V..l~.4-7ZNC.. 1./d-(:J- .SL~t(}r\J. -~. ,~ ....... . 

--~ Corl>.~ .. ()f:-: .T?h:l. ... . t/3/0. Li.ct.~. -~~T. ·•.t" ~lJ~-~----· 

- - . . . . .. - - . - - . . - . - -· . - - - . . - . --- - .... -- - . - . . - -- . - --- . . . ' . . -

. 1b ~ tJ lI .. /.j-cn.J / lJ 1i!tN 7-v CJf!.i le..? .. o Ft-. _ l#t'..~ cr.4 s. _ 

-- · - ~-. Al28 (,>)0~~--0-/. £,LL Ub1~? OT>:-)_. nd-{cS. . .. . . 

- . -. . .. - . - - - - ·-.. . - <!g~)jj/JJ '.1/1-19; :-

PSC 039845 



i\
• (

LEYDEN L&U REPORT 
NOVEMBER 27, 1991

SUMMARY

Calculations indicate 0.17 BCF (14.65) less gas in storage 
than is being carried on the books. An L&U adjustment of 
170, 000 MCF should be applied to th'e book volume, by subtracting, 
this amount from same.

Six methods were used to predict the L&U, and method 4. 
(below) provides significant justification for the 0.17 BCF 
recommendation. The recommended L&U adjustment is made up of 
the current year L&U plus some "catch up” L&U. The current year 
L&U is estimated between 0.1 and 0.14 BCF. The total catch up 
L&U is estimated at about 0.16 BCF per review of the 1990 L&U 
report (0.7 - 0^54)-. About 19% to 44% of this total catch up 
L&U is accounted for in the recommended 0.17 BCF write-off.

Assumed current Catch Up. % of :Total .Recommended'
year L&U L&U Catch Up L&U

0.1 BCF (method 6) 0.07 44% 0.17 BCF

0.14 (method 5) • 0.03 19% 0.17 BCF

CONCLUSIONS

Six methods were used to estimated L&U. The first four 
methods calculate the total L&U, which includes any "catch up" 
L&U. The las.t two methods only account for the current year 
L&U, and do not include any catch up volume.

METHOD 1 0.18 BCF Total L&U .

Horner plot applied to.pressure buildup data (shut in after 
withdrawal) to determine stabilized cavern pressure (95 psig)’. 
Assumes ,11.6 MMCF/psig stabilized.

METHOD 2 0.24 BCF Total L&U

Muskat plot applied to pressure buildup data (shut in after 
withdrawal) to determine stabilized cavern pressure (90 psig). 
Assumes 11.6 MMCF/psig stabilized.
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Calc~lations indicate 0.17 BCF (14.65) less gas in stor~ge 
than is being carried on the bo·oks. An L&U adjustment of 
170; 000 MCF snould :be applied to th'e book vo1·ume, by subtra·cting. 
this amotlnt from same. 

Six methods we-re used to predict the L&U, and method 4. 
(below) pro~ides signiiicant justification for the 0.17 ~GF 
tecom·mendation. The recommended L&.u· adjustment is IJtade up of 
the current year L&U plus some "catch up" L&U. The cuirent yeir 
L&U is estim~ted between 0.1 ~n~ 0.14 BCF. The t0tal catch up 
L&tJ is estimated at a,bout O .16 BCF per review ·of the 1990 L&-]J 
report (0.7 - 0,54) .. About 19% to 44% of this total catch 1.fp 
L&G is accounted for in the recommended 0.17 BCF° write-off. 

--·--· -- . ·---- .. -- _, - ---- ·----· ------------· ----------- ·-----· . .. . 

Assumed cu£tent 
year L&U 

Catch Up-_ 
L&U 

% of ,Total 
Catch Up 

.Recommended: 
L&U 

----· -------~ --------- ·-------------------------------·-----
0.1 BCF (method 6) 

0.14 (method 5) 

CONCLUSIONS 

0.07 

0.03 

44% 

19% 

0.17 BCF 

0.17 BCF 

Six methods were used to estimated L&U. The first four 
methods calculate th~ total L&U, which includes any "catch up" 
L&U. The las.t two m·ethods only account for the current year 
L&U, and· do not include any catch up volume. 

METHOD 1 0.18 BCF Total L&U 

Horner plot applied to.pressure buildup data (shut in after 
withdrawal) to determine stabilized cavern pressure ( 95 psig) ·. 
Assumes .11. 6 MMCF/psig stabilized. 

METHOD 2 0.24 BCF Total L&U 

Muskat plot applied to pressure buildup data (shut in after 
withdrawal) to determine stabilized cavern pressure (90 psig). 
Assumes 11.6 MMCF/psig stabilized. 
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METHOD 3 0.24 BCF Total L&U

(

Stabilized cavern pressure of 90 psig predicted by 
evaluating pressure buildup data (shut in after withdrawal). . 
Extrapolated pressure from a curve of Pressure vs. buildup time. 
Assumes 11.>6 MMCF/psig stabilized.

METHOD 4 0.17 BCF Total L&U

Analysis of pressure fall off data (shut in after 
injection) to predict stabilized' cavern pressure. This is 
conservative in that it is the minimum L&U and the actual L&U is 
probably higher than this. Assumes 11.6 MMCF/psig stabilized.

METHOD 5 0.14 BCF Current Year L&U'

Comparison of book volume in 1991 to book volume in 1990 
for a similar stabilized pressure condition. Horner plot used 
for predicting stabilized cavern pressures. Assumes 11.6 
MMCF/psig stabilized, but result is not very dependent on this 
assumption. The current year L&U could be higher than the 
historic L&U trend of 0,. 1 BGF/year due. to the extreme .low 
pressure drawdown this summer. ~ " :

METHOD 6 0.1 BCF Current Year L&U

This is based on the historic trend. Documentation can be 
found in the 1/3/91 L&U Report.

RECOMMENDATIONS

The Horner plot does not appear to be a great tool for 
predicting the stabilized cavern pressure. The extrapolation is 
not obvious, and the results do not agree with the Muskat 
method. The Horner plot may be adequate when comparing a 
pressure condition from one year to a similar pressure condition 
of another year (method 5) .

The Muskat plot behaves as expected and may be superior to 
the Horner plot. Further application of the Muskat plot will 
help evaluate the effectiveness of this tool in predicting the 
stabilized cavern pressure.

The application of'other plots, theories, and type curves 
should be investigated in future L&U analysis.

Brad Hollenbaugh 
Reservoir & Storage Eng. 
WestGas 11/27/91
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METHOD 3 0.24 BCF Total L&U 

Stabilized cavern pressure of 90 psig predicted hy 
evaluating pressure buildup data (shut in after withdra~al}. 
Extrapolated pressur~ from a curve of Pressure vs. buildup time. 
Assumes 11 .,6 MMCF/psig stabilized. 

METHOD 4 0.17 BCF Total L&U 

Analysis of pressure fall off data (shut in after 
injection) to predict stabilized· C?-vern pressure. This is 
eonservative in that it is the minimum L&U and the actual L&U is 
probably higher than this. Assumes 11.6 MMCF/psig stabilized. 

METHOD 5 0.14 BCF Current Year L&U· 

Compc1rison of book volume 'in 19:91 to book volume in 1990 
for a similar stabilized pressure qondition. Horner plot used 
for predicting stabilized cavern pressures. Assumes 11.6 
MMCF/psig stabilized, but r:esult is n0t very dependent on this 
assumption. The current year L&U could be higher·than the 
historic L&U trend of Q.l BCF/year du~. to the extreme.low 
pressure drawdown this·summeF. 

METHOD 6 0.1 BCF Current Year .L&U 

This is based on. the historic trend. Documentation can be 
f0und in the 1/3/91 L&U Report. 

RECOMMENDATIONS 

The Horner plot does not appear to be a great to·ol for 
predicting the stabilized cavern pressure. The extrapolati0n is 
not obvious, and the results do not agree with the Muskat 
method. The ~orner plot mijy be adequ~te when comparing a 
pressure condition from one year to a similar pressure conditioh 
of another year (method 5). 

The Muskat plot b~haves as expected and may be superior to 
the Horner plot. Furthei application of the Muskat plot will 
help evaluate the effectiveness of this tool.in predicting the 
stabilized cavern pressure. 

The application of·other plots, theories, and type cur:ves 
should be investigated in future.L&U aBalysis. 
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Reservoir & Storage Eng. 
WestGas 11/27/91 
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LB-Day Balance and L&U Considerations 
Leyden Gas Storage

This discussion is not presented as an absolute operating 
philosophy, but is merely intended as documentation to current 
theory and direction.

Recommendation

We should lower.the operating annual median pressure (lb- 
day balance) in an attempt to reduce L&U-. We should generally 
not go below 80 psig dynamic cavern pressure. This lower limit 
will help to minimize L&U, minimize water influx, and minimize 
roof collapse.

Lb. X Day Balance

An August 1988 Geological Report suggests that the native 
aquifer pressure is probably about 130 psig. Earlier work 
suggests an existing aquifer pressure of about 186 psig to 192 
psig. The actual operating annual median pressure for recent 
years and the cumulative median pressure since 1982 are given 
below.

Target lb-day balance pressure:

Assumed 1982 
Assumed 1984 
1988 Report

186 psig 
192 psig 
130 psig

Actual median operating pressure:

Cum. since 1982 178 psig

1989 actual
1990 actual
1991 estimated

164 psig
159 psig
160 psig

The current or existing aquifer pressure is what should be 
applied in the lb-day concept. The existing aquifer pressure is 
not necessarily the same as the original "native" aquifer 
pressure. Depletion of water from the aquifer over time could 
lower the aquifer pressure. Gas saturation/charging of the 
aquifer over time could increase the aquifer pressure.

To date there is no correlation between lb-day balance and 
L&U. Although lb-day balance figures have been compiled since 
1982, accurate L&U estimates have not been done on an annual 
basis. Accurate annual L&U estimates should be done for all 
future years. This will allow us to attempt to correlate lb-day 
balance with L&U.
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This discussion is not presented as an absolute operating 
philosophy, but is merely intended as documentation to current 
theory and direction. 

Recommendation 

We should lower.the operating annual median pressure (lb­
day balance) in an attempt to reduce L&U. We should generally 
not go below 80 psig dynamic cavern pressure. This lower limit 
will help to minimize L&U, minimize water influx, and minimize 
roof collapse. 

Lb. X Day Balance 

An August 1988 Geological Report suggests that the native 
aquifer pressure is probably about 130 psig. Earlier work 
suggests an existing aquifer pressure of about 186 psig to 192 
psig. The actual operating annual median pr~ssure"for recent 
ye_ars and the cumu")..ative median pr~ssure since 1982_ are given·. 
below. · 

Target lb-day balance pressure: 

Assumed 1982 186 psig 
Assumed 1984 192 psig 
1988 Report 130 psig 

Actual median operating pressure: 

Cum. since 1982 178 psig 

1989 actual 164 psig 
1990 actual ·159 psig 
1991 estimated 160 psig 

The current or existing aquifer pressure is what should be 
applied in the lb-day concept. The existing aquifer pressure is 
not necessarily the same as the original "n~tive" aquifer 
pressure. Depletion of water from the aquifer over time could 
lower the aquifer pressure. Gas saturation/charging of the 
aquifer over time could increase the aquifer pressure. 

To date there is no correlation between lb-day balance and 
L&U. Although lb-day balance figures have been compiled since 
1982, accurate L&U estimates have not been done on an annual 
basis. Accurate annual L&U estimates should be done for all 
future years. This will allow us to attempt to correlate lb-day 
balance with L&U. 
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L&U Gss

Two factors which contribute to L&U are; (1) operating at a 
pressure in excess of the current aquifer pressure, and (2) 
drawdown to very low cavern pressures (less than about 60 psig).

Theoretically, the lower the annual median cavern pressure, 
the lower the L&U. If we lower the median cavern pressure we 
would expect an increase in water influx. This would result in 
a reduced storage volume.

Drawdown to a very low cavern pressure will serve to lower 
the median pressure, but won't necessarily lower the L&U. When 
the pressure is lowered significantly below the aquifer 
pressure, water influx can "pinch out" gas which is stored in 
the formation. The majority of this gas is probably not 
recoverable. As was evident during the 1990 field drawdown, 
severe water influx can be expected at pressures near and below 
50 psig.

Practical Aspects

1. It is often impossible to accurately estimate annual L&U.

2. lb-day balance is being done from September 1 of one year to 
September 1 of the next year. Therefore L&U calculations should 
also be done from September to September if possible.

3. If we lower the practicing lb-day balance, we should try to 
detect any change in storage volume. Storage volume will 
probably be even more difficult to quantify as a function of lb- 
day balance than the L&U.

4. Gas supply economics and environmental liability must be 
considered along with L&U when developing injection & withdrawal 
guidelines. L&U is currently estimated at about 0.1 BCF/year, 
which is $300,000/year @ $3.00 per MCF. Spot market gas is 
often available early in. the summer. An early injection program 
will allow us.to purchase this low cost gas, but can increase 
L&U by conflicting with lb-day balance. Environmental liability 
occurs if the lost gas contaminates a formation or aquifer to 
the point that traditional uses are in jeopardy.

5. Some drilling & workover operations require that the cavern 
pressure be lowered to less than 80 psig.

2 PSC 039804
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Two factors which contribute to L&U are; (1) operating at a 
pressure in excess of the current aquifer pressure, and (2) 
drawdown to very low cavern pressures (less than about 60 psig). 

Theoretically, the lower the annual median cavern pressure, 
the lower the L&U. If we lower the median cavern pressure we 
would expect an increase in water influx. This would result in 
a reduced storage volume. 

Drawdown to a very low cavern pressure will serve to lower 
the median pressure, but won't necessarily low~.r the L&U. When 
the pr~ssure is lowered significantly below the aquifer 
pressure, water influx can "pinch out" gas which is stored in 
the formation. The majority of this gas is probably not 
recoverable. As was evident.during the 1990 field drawdown, 
severe water influx can be expected at pressures near and below 
50 psig. 

Pra_ctical Aspects 

1. It is often impossiQle to accurately estimate annual L&U. 

2. lb-day balance is being done from September 1 of one year to 
Septemper 1 of the next year. Therefore L&U calculations should 
also be done from September to September if possible. 

3. If we lower the practicing lb-day balance, we should try to 
detect any change in storage volume. Storage volume will 
probably be even more difficult to quantify as a function of lb­
day balance than the L&U. 

4. Gas supply economics and environmental liability must be 
considered along with L&U when developing injection & withdrawal 
guidelines. L&U is currently estimated at about 0.1 BCF/year, 
which is $300,000/year@ $3.00 per MCF. Spot market gas is 
often available early in. the summer. An early injection program 
will allow us.to purchase this low cost gas, but can increase 
L&U by conflicting with lb-day balance. Environmental liability 
occurs if the lost gas contaminates a formation or aquifer to 
the point that traditional uses are in jeopardy. 

5. Some drilling & workover operations require that the cavern 
pressure be lowered to less than 80 psig. 
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6. In order to lower our practicing lb-day balance, we must do 
one or more of the following;

- start withdrawal earlier in the year
- maintain the "low" cavern pressure as long as possible
- start injection as late in the year as possible
- maintain a lower "winter" pressure

Formation Overburden Stress

The 1/13/86 Dames & Moore report/memo suggests that the 
mine pressure be kept above 125 psig in order, to minimize roof 
collapse. This is difficult to do given the constraints of 
drilling programs, workovers, and the lb-day balance concept. 
The cavern pressure has been lowered to less than 70 psig on 
several occasions, and to date there is no evidence of roof 
collapse associated with this practice. However, the closer the 
cavern pressure is to this theoretical minimum pressure of 125 
psig, the less likely the occurrence of roof collapse.

Brad Hollenbaugh 
Senior Res. Eng. 
WestGas 
1/3/92
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November 1, 1988 

To: Curt Dallinger, Engineering Manager

From: Bill Uding, Reservoir and Storage Engineering Supervisor

Subj: Storage Field L&U

We have completed our annual review of L&U gas from storage 
fields, and are reporting the following volumes:

Leyden
9,410 .-2k3t-3> Per- 3,e>c/k.

?i?r (fie'*'*? .

!xlooO~

Asbury

9,flT4.kM» 3=«- Seeik

0,26/a-.068> rVr
ioa^5£3

Fruita

JQIO , 0^4 ik-r- 

f*W

Calculations indicate 22,000 Mcf less gas-in­
storage -.then is being carried on. the books. As 
of September 30, 1988 the working volume should 
be 2,388,323 Mcf 9-14.65 Psia.

Calculation indicate. 100,100 Mcf iess gas-in­
storage then is being carried on the books. As 
of September 24, 1988 the working volume should 
be 2,850,522 Mcf 9 14.73 Psia.

There .has beeri no activity’ and no change in the 
shut-in pressure for „ the Friiita Field. The 
booked, working1 gas volume as of September 30,: 
1988 should be 268,495 Mcf 8 14.73 Psia.

,2,3 Roundup

4.60.3.^<3
/•—& Ptr 

IS, 4 I.s

Calculations do not indicate that a significant 
volume of gas has been lost since the last L&U 
calculation. The booked volume for gas-in­
storage as of September 3 C>, 1988 should be 
7,585,128 Mcf 8 14.65 Psia. of which 3,000,000 
Mcf is cushion gas.

It i3 recommended that the above volumes be reported to the 
Office Department of WestGa3 for use in their year-end closing 
report and various other statistical reports.

Bill Uding

PSC 039806
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Nov€mber 1, 1988 

To: · Curt Dallinger, Engineering Manager 

From: Bill Uding, Reservoir and Storage Engineering Supervisor 

Subj: Storage Field L&U 

--· 
We have completed our annual review of L&U gas from storage 

fields, and are reporting the following volumes: 

Leyden 
'1, 410 .~ ?cer- ~=k. 

Caiculations indicate ~2,000 Mcf less gas-in­
sto:r;age ·.then is ·i:,efng carried on~· the books. As 
of September 30, 1988 the·w~rking volume· should 
be 2,388,323 Hcf ~-14.65 Psia. 

!l, 2. Be 13,0. ~ i' o1 r {'(\ e n-o . 

;).J). ccO· 

Asbury 

QI ~1£.\_ l,'-\ I lk:.- Bo:.,\.:. 
0.el!i~-.OtqB> ?er lh4""'c.> 

:no .o!lll 
gc.,q _ql;\ 

133 

:·· 

Fruita 

Roundup 

. J..l.GD,3.-5'-ltl . llr eou"­
.. , sf!Js- 1fl e., 'iJc.r rn ....... " 

. , • 1 •• 

I~, 1\ 1.'-\ 

__ 
7 

·ioo ,f,~,1 
Calculation indicate 100,100 -Mcf les~ ga~-in­
storage then is being carried· on the books·. As 
of September 24, 1988 th~ working volume should 
be 2,850,522 Hcf a 14.73 Psia. 

The~e .has· beeri no activity· and no change iri 
shut~i_n pressure for _ the Frtii t,a Fie_ld. • 

~ booked, working= ~as volume as of =se~tember 

the 
The 
30,' 

1988 shoul~ be 268,495 Hcf l!t 14. 73 Psia. :•_~_':'l··r• ,;;~:;/ .. :::~.~.-- _, 

Calculations do not indicate that a significant 
volume of gas has been lost sin~e the last ·L~U 
calculation. The booked volume for· gas-in­
storage as of September 30, 1988 shq~ld be 
7,585,lj8 Hcf ~ 14.65 Psia. of which 3,00Q~OOO 
Hcf i~ cus~i9n gas . 

It is recommended that the above volumes be reporfed to the / 
Office Department of WestGas for µse in their year-end closing 
report and various other statistical reports. 

Bill Uding 
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Leyden L&U Report 
December 8, 1992

Summary

Calculations indicate 0.12 BCF (14.65) less gas in storage 
than is being carried on the books. An L&U adjustment of 120,000 
MCF (14.65) should be applied to the book, volume by subtracting 
this amount from the book volume.

Five methods were used to evaluate the L&U as outlined below. 
The first three give reasonable results. Because of the adjustment 
last year for L&U from previous years there is no need to make such 
an adjustment this year.

Current year L&U 
MCF (14.65)

120,000
127.000
100.000
1.2,000

501,000

Method 1

A Muskat plot was applied to pressure buildup data to 
determine a stabilized cavern pressure of 120 psig. This 
method assumes 11.6 MMCF/psig stabilized. This method appears 
to be one of the more reliable method for calculating total 
L&U.

Method 2
Comparison of book volume in 1992 to book volume in 1991. 

This method assumes 11.6 MMCF/psig stabilized to. equate the 
two year end volumes to the same pressure.

Method 3
This is based on the historic trend. Documentation can 

be found in the 1/3/91 L&U Report.

Method 4
A plot of P/Z vs Cumulative production was done this year 

to see if meaningful results could be obtained. The plot 
resulted in a volume of gas in the cavern which was almost 
identical to the current book volume. The graph did show 
water influx into the cavern.

Method

1 (Muskat Plot)
2 (Vol in - Vol out)
3 (History)
4. (P/Z) Plot
5 (Horner Plot)

Method 5
A Horner plot was used again this year to 

results were any better than in previous years.
see if the 
They were

PSC 039795
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Summary 

Leyden L&U Report 
Decembers, 1992 
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Calculations indicate 0 .12 BCF ( 14. 65) less gas in storage 
than is being carried on the books. An L&U adjustment of 120,000 
MCF (14.65) should be applied to the book volume by subtracting 
this amount from the book volume. 

Five methods were used to evaiuate the L&U as outlined below. 
The fir~t three give reasonable results. Beca~se of the adjustment 
last y~~r for L&U from previous years there.is no need to make such 
an adjustment this year. 

Method 1 

Current year ·L&U 
MCF ( 14. 65) 

120,000 
127,000 
100,000 

1.2, 900 
50"i, 000 

Method 

1 (Muskat Plot) 
2 (Vol in·- Vol out) 
3 (History) 

. 4 ·. (P / Z) Plot 
5 (Horner Plot) 

A Muskat plot was applied to pressure buildup data to 
determine a stabilized cavern pressure of 120 psig. This 
method assumes 11. 6 MMCF /psig stabiiized. '):'his method appears 
to be one of the more reliable method for calculating total 
L&U. 

Method 2 
Comparison of book volume in 1992 to book volume in 1991. 

This method assumes 11.6 MMCF/psig stabilized to. equate the 
two year end volumes to the same pressure. 

Method 3 
This is based on the historic trend. Documentation can 

be found in the.1/3/91 L&U Report. 

Method 4 
A plot of P/Z vs Cumulative production was done this year 

to see if meaningful results could be obtained. The plot 
resulted in a volume of gas in the cavern which was almost 
identical to the current book volume. The graph did show 
water influx into the cavern. 

Method 5 
A Horner plot was used again this year to see if the 

results were any better than in previous years. They were 
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not. The stabilized pressure from the plot was 87 psig. The 
straight line period was relatively short and therefore 
difficult to identify. This method assume 11.6 MMCF/psig 
stabilized.

Conclusions
It appears that the Muskat plot and a comparison of the book 

volumes from one year to the next are two of the more reliable 
methods for calculating L&U. A Different method, P/Z, was 
investigated this year which proved to be of little value.

Liz Niemtschik 
Reservoir Engineer 
WestG-as 12/8/92

PSC 039796
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not. The stabilized pressure from the plot was 87 psig. The 
straight line period was relatively short and therefore 
difficult to identify. This method assume 11. 6 MMCF /psig 
stabilized. 

conclusions 
It appears that the Muskat plot and a comparison of the book 

volumes from one year to the next are two of the more reliable 
methods for calculating ~&U. A Different method_, P / Z, was 
investigated this year which proved to be of little value. 

Liz Nierntschik 
Reservoir Engineer 
WestGas 12/8/92 
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LEYDEN L&U REPORT 
November 30,1993

Summary

Calculations indicate 0.09 BCF (@14.65 psi) less gas in storage than is being carried on 
the books. An L&U adjustment of 90,000 MCF (@14.65 psi) should be applied to the 
book volume by subtracting same from the book volume.

Four methods were used to evaluate the L&U as outlined below. The first three methods 
gave similar results.

Current year L&U Method
MCF ( @14.65 psi)

75,400
101,700
100,000
400,200

1 (Muskat Plot)
2 (Vol in ; Vol out) '
3 (History)
4 (Horner Plot)

Method 1

A muskat plot was applied to the pressure buildup data obtained from May 13, 1993 
(end of drawdown) through August 31, 1993 before re-fill at Leyden. Upon analysis, a 
stabilized cavern pressure of 108 psig was chosen from the plot as the best straight-line. 
Applying the stabilized Pressure - Volume relationship of 11.6 MMCF/psig for the 
current Field operations at Leyden, the theoretical volume was obtained. The L&U was 
the difference between the theoretical volume in the cavern and the book volume.

This method appears to be one of the more reliable methods for calculating total L&U. It 
is of interest to note that a stabilized cavern pressure of 106 psi a yields an L&U figure of 
98,600 mcf.

Method 2

This method compared the book volume in 1993 to the 1992 book volume. The method 
also assumes the stabilized PV relationship of 11.6 MMCF/psig to equate the two year 
end volumes to the same pressure. •

PSC 039787
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Summary 

LEYDEN L&U REPORT 
November 30, 1993 

Calculations indicate 0.09 BCF (@14.65 psi) less gas in storage than is betng carriyd on 
the books. An L&U adjustment of 90,000 MCF ( @14.65 psi) should be applied-to the 
b_ook volume by_subtracting same from the book volume. 

Four methods were used to evaluate the L&U as outlined below. The first three methods 
gave similar resuits. 

1\1ethod 1 

Current year L&U 
MCF (@14.65 psi) 

75,400 
J0I-,700 
100,000 
400,200 

Method 

1 
2· 
3 
4 

(Muskat Plot) 
(Vol in, Vol out) · 
(History) 
(Horner Plot) 

A muskat plot was applied to the pressure buildup data obtained from May 13, 1993 
(end of drawdown) through August 31, 1993 before re-fill at Leyden. Upon analysis, a 
stabilized cavern pressure of 108 psig was chosen from the plot as the best straight line. 
Applying the stabilized Pressure - Volume relationship of 11.6 MMCF/psig for the 
current Field operations at Leyden, the theoretical volume was obtained. The L&U was 
the difference between the theoretical volume in the cavern and the book volume. 

This method appears to be one of the more reliable methods for calculating total L&U. It 
is of interest to note that a stab'ilized cavern pressure of 106 psig yields an L&U figure of 
Q.8,600 mcf. 

l\1ethod 2 

This method compared the book volume in 1993 to the 1992 book volume. The method 
also assumes the stabilized PV relationship of 11.6 M~CF/psig to equate the two year 
end volumes to the same pressure. • 
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Method 3

This is based on the historic trend. Documentation can be found in the 1/3/91 Leyden 
L&U Report.

Method 4

This method is based on the Homer Plot Analysis of the build up data . The stabilized 
pressure from the plot was 80 psig. The straight line period was relatively short and 
difficult to identify. The stabilized PV relationship of 11.6 MMCF/psig was also applied to 
the 80 psig stabilized pressure to come up with the L&U. The estimated L&U figure of 
0.4 bcf based on the Homer analysis is somewhat questionable and therefor unreliable.

Conclusions

Based on the results from the different approaches, it appears that the Muskat Plot 
Analysis and a comparison of the book volumes from one year to the next are two of the 
most reliable methods for calculating L& U:. It was also significant tofiote how close the 
L&U from these two methods were to the historical trend.

Nat Olowu 
Reservoir Engineer 
Public Service Co (NGG) 
Nov. 30,1993

PSC 039788
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Method 3 

This is based on the historic trend. Documentation can be found in the 1/3/91 Leyden 
L&U Report. · 

:Method 4 

This method is based on the Horner Plot Analysis of the build up data . The stabilized 
pressure from the plot was 80 psig. The straight line period was relatively short and 
difficult to identify. The stabilized PY relationship of 11.6 :MM:CF/psig was also applied to 
the 80 psig stabilized pressure to come up with the L&U. The estimated L&U figure of 
0.4 bcf based on the Horner analysis is somewhat questionable and therefor unreliable. 

Conclusions 

Based on the results from the different approaches, it appears th~t the Muskat Plot 
Amµ.ysis and a comparison of the book volumes from ope year to the next are twq of the 
most reliable method·s for calculating L& U: It was also significant to no~t ho~v close the 
L&U from these two methods were to the historical trend. 

Nat Olowu 
Reservoir Engineer 
Public Service Co (NGG) 
Nov. 30, 1993 
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MUSKAT PLOT
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Leyden 1993 Pressure Buildup Analysis
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LEYDEN L&U REPORT 
November 23,1994 -—

Summary

Calculations indicate 0.85 BCF (@ 14.65 psi) less gas in/torage than is being carried on 

the books. Therefore, an L&U adjustment of 85,000 MCF (@ 14.65 psi) should be 
applied to the book volume by subtracting same from the book volume.

Four methods were used to evaluate the L&U gas as outlined below. The two methods 
which gave similar results were averaged to come up with an L&U figure.

Current year L& U, MCF (@14.65 psi) Method

(10,712)
68,716
100,000
331,488

1 (Muskat Plot)
2 (Vol in - Vol out)
3 (History)
4 ' (Homer Plot)

Method 1

Analysis of the Muskat plot of the pressure build-up data obtained from May 6, 1994 (end 
of drawdown) through August 11, 1994 prior to the Leyden storage cavern refill. The 
analysis indicated a stabilized cavern pressure of 118 psig. Obtained the theoretical 
volume of gas in the cavern by applying the stabilized P/V relationship of 11.6 
MMCF/psig which still represents the current operating condition at Leyden. The L&U 
was obtained by establishing the difference between the book volume and the theoretical 
volume. Based on the data analyzed, it shows that theoretical volume was 10,712 mcf 
more than book volume. The operating nature of the cavern with relation to the 
intermittent short withdrawals and injections could mask the results obtained.

PSC 039780
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Summary 

LEYDEN L&U REPORT 
November 23, 1994·7--- · 

Calculations indicate 0.85 BCF (@ 14.65 psi) less gas rnitorage than is being carried on 
I 

the books. Therefore, an L&U adjustment of 85,000 MCF (@ 14.65 psi) should be 
applied to the book volume by subtracting same from the book volume. 

Four methods were used to evaluate the L&U gas as outlined below. The two methods 
which gave similar results were averaged to come up with an L&U figure. 

-------------·---------------------------------------------------· ----------------------------------------. . 

Current year L&U, MCF (@14.65 psi) Method 

(10,712) 
68,716 
100,000 
331,488 

---------------------------------------

1 
2 
3 
4 

(Muskat Plot) 
(Vol in - Vol out) 
(History) 
(Homer Plot) 

------------------------------------ ---------

, .. Method 1·. 
• t 1 • ' .. •· '••· .. .. . . . . . . ·"· ;t n . ·: 

Analysis of the Mu skat plot of the pressure build-up data obtained from May 6, 1994 ( en·d 
of drawdown) through August 11, 1994 prior to the Leyden storage cavern refill. The 
analysis indicated a stabilized cavern pressure of 118 psig. Obtained the theoretical 
volume of gas in the cavern by applying the stabilized PN relationship of 11.6 
MMCF/psig which still represents the current operating condition at Leyden. The L&U 
was obtained by establishing the difference between the book volume and the theoretical 
volum~. Based on the data analyzed, it shows that th~oretical ·volume was 10,712 mcf 
more than book volume. The operating nature of the cavern with relation to the 
intermittent short withdrawals and injections could mask the results obtained. 
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Method 2

This method compared the book volume in 1994 to the book volume in 1993. The - 
method also assumes the stabilized P/V relationship of 11.6 MMCF/psig to equate the 
two year end volumes to the same pressure.

Method 3

This is based on the historic trends. Documentation can be found in the 1/3/91 Leyden —L 
L&U report.

Method 4

This method uses the Homer Plot Analysis of the pressure build data. The stabilized
pressure from the plot was 88.5 psig. The last straight line period was relatively short and .
difficult to identify. The stabilized P/V relationship of 11.6 MMCF/psig was also applied'^ 
to the 88.5 psig stabilized pressure to obtain the L&U. The estimated L&U figure of 0.33„y_^g 
bcf based on the Homer analysis is somewhat questionable and therefore unreliable:^-

Nat Olowu -----
Reservoir Engineer 
PS Co (Natural Gas Group) 
Nov 23, 1994

. I
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Method2 
- -

This method compared the book volume in 1994 to the book volume in 1993.·The·-~- ,,__ 
• •- .rt 

method also assumes the stabilized PN relationshjp of 11.6 MMCF/psi& to equate the 
two year end volumes to the same pressure. 

Method3 

. This is based on the historic trends. Documentation can be found in the 1/3/91 Leyden __ _., __ ,:.._;_ . .-.,'._.:."., ... -· 
L&U_report. 

Method4 

This method uses the Horner Plot Analysis of the pressure build data. The stabilized .. . .. . . . 
pressure from the plot was 88.5 psig. The last straight line period was relatively sµort and . . 
difficult to identify. The stabilized PN relationsrup of_ 11.6 MMCF/psig was also·applied ·.: .. · :::,:· -~ --#'ZB.t 
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Leyden 1994 Pressure Buildup Analysis
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(
4 Pressure pvs jr»r» pwo pwa

Bata Dt psig 120 log(pws-p) 130 log(pwa-p) 115 log(pwa-p) 116 log(pva-p)
6-May-94 0 93.3 1.426511261 1.564666064 1.336459734 1.356025857
7-May-94 1 96 1.380211242 1.531478917 1.278753601 1.301029996
8-May-94 2 97 1.361727836 1.51851394 1.255272505 1.278753601
9-May-S4 3 96.4 1.372912003 1.536339277 1.269512944 1.292256071

10-May-94 4 97.1 1.359835482 1.517195898 1.252853031 1.276461804
11-May-94 S 97.8 1.346352974 1.507855872 1.235528447 1.260071388
12-May-94 6 98.5 1.33243846 1.498310554 1.217483944 1.243038049
13-May-94 7 99.2 1.318063335 1.488550717 1.198657087 1.225309262
14-Kay-94 8 100 1.301029996 1.477121255 1.176091259 1.204119983
lS-Kay-94 9 100 1.301029996 1.477121255 1.176091259 1.204119983
16-Kay-94 10 100.6 1.28780173 1.46834733 1.158362492 1.187520721
17-Kay-94 11 101.1 1.276461804 1.460897843 1.1430148 1.173186268
18-May-94 12 101.4 1.269512944 1.456366033 1.133538908 1.164352856
19-May-94 13 101.8 1.260071388 1.450249108 1.120573931 1.152288344
20-May-94 14 102.2 1.250420002 1.444044796 1.10720997 1.139879086
21-May-94 15 105 1.176091259 1.397940009 1 1.041392685
22-Kay-94 16 104 1.204119983 1.414973343 1.041392685 1.079181246
23-May-94 17 103.1 1.227886705 1.42975223 1.075546961 1.11058971
24-May-94 18 103.3 1.222716471 1.426511261 1.06S185SS2 1.103803721
25-May-94 19 103.7 1.212187604 1.419955748 1.053078443 1.089905111
2S-Kay-94 20 104 1.204119963 1.414973348 1.041392685 1.079181246
27-May-94 21 104.2 1.198657087 1.411619706 1.033423755 1.071882007
28-May-94 22 107 1.113943352 1.361727836 0.903089987 0.954242509
29-May-94 23 107 1.113943352 1.361727836 * 0.903089987 0.954242509
30-May-94 24 106 1.146128036 1.380211242 0.954242509 1
31-May-94 25 105.9 1.149219113 1.382017043 0.959041392 1.004321374
l-Jun-94 26 106.1 1.1430148 1.378397901 0.949390007 0.995635195
2-vxm-94 27 106.2 1.139879085 1.376576957 0.944482672 0.991226076
3-Jun-94 28 106.3 1.136720567 1.374748346 0.939519253 0.986771734
4-Jun-94 29 106.4 1.133538908 1.372912003 0.934498451 0.982271233
5-Jun-94 30 106.5 1.130333768 1.371067862 0.929418926 0.977723605
fi-jun-94 31 106.8 1.120573931 1.365487985 0.913813852 0.963787827
7-Jun-94 32 107.1 1.11058971 1.378397901 0.949390007 0.995635195
8-Jun-94 33 107.2 1.10720997 1.376576957 0.944482672 0.991226076
9-Jun-94 34 107.3 1.103803721 1.374748346 0.939519253 0.986771734

10-Jun-94 35 107.4 1.100370545 1.372912003 0.934498451 0.982271233
ll-Jaa-94 36 107.6 1.093421685 1.371067862 0.929418926 0.977723605
12-Jun-94 37 107.8 1.086359831 1.365487985 0.913813852 0.963787827
13-Jun-94 38 103 1.079181246 1.359835432 0.897627091 0.949390007
14-Jun-94 39 108.3 1.068185862 1.357934847 0.692094603 0.944482672
15-Jun-9C 40 106.4 1.064457989 1.356025857 0.886490725 0.939519253
16-Jun-94 41 108.5 1.06069784 1.354108439 0.680813592 0.934498451
17-Jun-94 42 108.6 1.056904851 1.350248018 0.86923172 0.924279286
18-Jun-94 43 108.7 1.053078443 1.346352974 0.857332496 0.913813852
19-J\m-94 44 108.8 1.04921-8023 1.342422681 . 0.84509804 0.9030899S7
20-Jun-94 45 109 1.041392635 1.336459734 0.826074S03 * 0.886490725
21-Jun-94 46 . 109.2 1.033423755 1.334453751 Cr. 819543536 .0.880813592
22-Jun-94 47 109.5 1.021189299 1.33243846 0.812913357 0.875061263
23-Jun-94 48 109.5 1.Q21189299 1.330413773 0.806179974 0.86923172
24-Jun-94 49 109.5 1.021189299 1.328379603 0.799340549 0.863322B6
25-Jun-94 50 109.6 1.017033339 1.326335861 0.792391689 0.857332496
26-Jun-94 51 109.7 1.012837225 1.322219295 0.77815125 0.84509604
27-Jun-94 52 110 1 1.318063335 0.763427994 0.832508913
28-Jun-94 S3 110.1 0.995635195 1.311753861 0.740362669 0.812913357
29-Jun-94 54 110.2 0.991226076 1.311753861 0.740362689 0.812913357
30-Jun-94 55 110.3 0.986771734 1.311753851 0.740362689 0.81291335?
l-Jul-94 56 110.4 0.982271233 1.309630157 0.73239376 0.806179974
2-JU1-94 57 110.5 0.977723605 1.307496038 0.72427587 0.799340549
3-Jul-94 58 110.6 0.973127854 1.301029996 0.698970004 0.77815125
4-Jul-94 59 110.7 0.968482949 1.298853076 0.69019608 0.770852012
5-Jul-94 60 110.9 0.959041392 1.29666519 0.681241237 0.763427994
6-Jul-94 61 111 0.954242509 1.294466226 0.672097858 0.755874856
7-Jul-94 62 111.1 0.982271233 1.292256071 0.662757832 0.748188027
S-Jul-94 63 111.1 0.977723605 1.290034611 0.653212514 0.740362689
9-Jul-94 64 111.2 0.973127854 1.28780173 0.643452576 0.73239376

10-Jul-94 65 111.2 0.968482949 1.285557309 0.633458456 0.72427587
n-jui-9< 66 111.3 0.959041392 1.281033367 0.612783857 0.707570176
12-Jul-94 67 111.5 0.954242509 1.278753601 0.602059591 0.698970004
13-Jul-94 68 111.6 0.949390007 1.292256071 0.662757832 0.748188027
14-Jul-94 69 111.7 0.949390007 1.290034511 0.653212514 0.740362689
15-Jul-94 70 111.8 0.944482672 1.28780173 0.643452676 0.73239376
l6-Uul-94 71 111.9 0.944482672 1.285557309 0.633468456 0.72427587
17-Jul-94 72 112 0.939519253 1.201033367 0.612783857 0.707570176
18-Jul-94 73 112 0.929418925 1.278753601 0.602059991 0.698970004
19-Jul-94 74 112.2 0.924279286 1.276461804 0.591064607 0.69019608
20-Jul-94 75 112.2 0.919073092 1.276461804 0.591064607 0.69019608
21-0ul-94 76 112.3 0.913813852 1.274157849 0.579783597 0.681241237
22-Jul-94 77 112.5 0.908485019 1.274157849 0.579783597 0.681241237
23-Jul-94 78 112.5 0.903089987 1.271841607 0.568201724 0.672097858
24-JU.1-94 79 112.5 0.903089987 1.267171728 0.544068044 0.653212514
25-Jul-94 80 112.5 0.892094603 1.264817823 0.531478917 0.643452676
26-JU1-94 61 112.8 0.892094603 1.26245109 0.51851394 0.633466456
27-Jul-94 62 112.9 0.666490725 1.260071388 0.505149973 0.62324929
28-Jul-94 83 113.1 0.875061263 1.257678575 0.491361694 0.612783857
29-Jul-94 84 113.1 0.875061263 1.255272505 0.477121255 0.602059991
30-Jul-94 85 113.2 0.075061263 1.255272505^ ___ 0.477121255 0.602059991
31-Jul-94 86 113.3 0.875061263 1.250420002 0.447158031 0.579783597
l-Aug-94 87 113.3 0.657332496 1.250420002 0.447158031 0.579783597
2-Aug-94 88 113.4 0.851258349 1.247973266 0.431363764 0.568201724
3-Aug-94 89 113.6 0.836849091 1.243038049 0.397940009 0.544066044
4-Aug-94 90 113.6 0.838849091 1.243038049 0.397940009 0.544066044
5-Aug-94 91 113.7 0.832508913 1.243038049 0.397940009 0.544068044
6-Aug-94 92 113.8 0.826074803 1.243038049 0.397940009 0.544068044
7-Aug-9 « 93 113.9 0.826074803 1.235528447 0.342422661 0.505149973
8-Aug-94 94 113.9 0.819543935 1.23299611 0.322219295 0.491361694
9-Aug-94 95 114 0.806179974 1.227886705 0.278753601 0.462397998

10-Aug-94 96 114 0.006179974 1.227886705 0.278753601 0.462397996
ll-Aug-94 97 114.2 0.799340549 1.225309282 0.255272505 0.447158031

PW8 [
114 log^^s-p) 

1.315970345
1.255272505 
1.230448921 
1.245512668 
1.227886705 
1.209515015 
1.190331698 
1.170261715
1.146128036
1.146128036 
1.127104798 
1.11058971 

1.100370545 
1.086359831 
1.071882007 
0.954242509

5
1.037426498
1.029383778
1.012837225

1*0.991226076 
0.84509804 
0.84509304 

0.903089987 
0.908485019 
0.897627091 
0.892094603 
0.886490725 
0.880813592 
0.875061263 
0.857332496 
0.897627091 
0.892094603 
0.866490725 
0.880813592 
0.675061263 
0.857332496 
0.838849091 
0.832S08913 
0.826074803 
0.819543936 
0.806179974 
0.792391689 
0.77815125 

0.755874856 
: 0.748188027 

0.740362589 
0.73239376 
0.72427587 

0.716003344 
0.698970004 
0.681241237 
0.653212514 
0.653212514 
0.653212514 
0.64345267$ 
0.633468456 
0.602059991 
0.591064607 
0.579783597 
0.568201724 
0.556302501 
0.544068044 
0.531478917 
0.51851394 

0.491361694 
0.477121255 
0.556302501 
0.544068044 
0.531478917 
0.51851394 

0.491361694 
0.477121255 
0.462397998 
0.462397998 
0.447158031 
0.447158031 
0.431363764 
0.397940009 
0.380211242 
0.361727S36 
0.342422681 
0.322219295 
0.301029995 
0.301029996 
0.255272505 
0.255272505 
0.230448921 
0.176091259 
0.176091259 
0.176091259 
0.176091259 
0.079181246 
0.041392685 
-0.04575749 
-0.04575749 
-0.09691001

PV8
log(pws-p) 119 
1.392695953 
1.342422681 
1.322219295 
1.334453751 
1.320146286 
1.305351369 
1.290034611 
1.274157849
1.255272505
1.255272505 
1.240549248 
1.227886705 
1.220103088 
1.209515015 
1.198657087 
1.113943352
1.146128036 
1.173186268 
1.167317335 
1.155336037
1.146128036 
1.139879086 
1.041392685 
1.041392685 
1.079181246 
1.08273537 

1.075546961 
1.071882007 
1.068185862 
1.064457989 
1.06063784 

1.049218023 
1.037426498 
1.033423755 
1.029383778 
1.025305865 
1.017033339 
1.008600172 

10.986771734 
0.982271233 
0.977723605 
0.973127354 
0.968482949 
0.963787327 
0.954242509 
0.944482672 :

0.929418926 
0.929418926 
0.929418926 
0.924279286 
0.919078092 
0.903089987 
0.897627091 
0.892094603 
0.886490725 
0.860813592 
0.875061263 
0.86923172 
0.66332266 

0.851258349 
0.84509804 

0.636849091 
0.838849091 
0.832508913 
0.832508913 
0.826074803 
0.812913357 
0.806179974 
0.799340549 
0.792391689 
0.785329835 
0.77815125 
0.77815125 

0.763427994 
0.763427994 
0.755874856 
0.740362689 
0.740362689 
0.740362689 
0.740362689 
0.716003344 
0.707570176 
0.69019608 
0.69019608 

0.661241237 
0.672097858 
0.672097858 
0.662757832 
0.643452676 
0.643452676 
0.633466456 
0.62324929 

0.612783857 
0.612783857 
0.602059991 
0.602059991 
0.579783597

pwo
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LEYDEN 1994 PRESSURE KUSKAT PLOT DATA

log(pws-p) 
1.409933123 
1.361727836 
1.342422681 
1.354108439 
1.340444115 
1.326335861 
1.311753861 
1.29666519 

1.278753601 
1.278753601 
1.264817823 
1.252853031 
1.245512668 
1.235528447 
1.225309262 
1.146128036 
1.176091259 
1.201397124 
1.195899652 
1.184691431 
1.176091259 
1.170261715 
1.079161246 
1.079181246 
1.113943352 
1.117271296 
1.11058971 
1.10720997 

1.103803721 
1.100370545 
1.096910013 
1.086359831 
1.075546961 
1.071882007 
1.068185862 
1.064457939 
1.056904851 
1.049213023 
1.041392665 
1.029383778 
1.025305865 
1.021189299 
1.017033339 
1.012837225 
1.008600172 

10.*991226076 
0.977723605 
0.977723605 
0.977723605 
0.973127854 
0.968482949 
0.954242509 
0.949390007 
0.9444S2672 
0.939519253 
0.934498451 
0.929418926 
0.924279286 
0.919078092 
0.906485019 
0.903089987 
0.897627091 
0.897627091 
0.892094603 
0.892094603 
0.886490725 
0.875061263 
0.86923172 
0.86332266 

0.857332495 
0.651258349. 
0.64509S04 
0.64509804 

0.832508913 
0.832508913 
0.826074603 
0.812913357 
0.812913357 
0.812913357 
0.812913357 
0.792391669 
0.785329835 
0.770852012 
0.770852012 
0.763427994 
0.755874656 
0.755874856 
0.748188027 
0.73239376 
0.73239376 
0.72427587 

0.716003344 
0.707570176 
0.707570176 
0.698970004 
0.698970004 
0.681241237

PSC 039783

-( 
( 
,· 

Prasaure pws pws pwa pws pwa pwa pwa 

Dat~ l)t psig llO log (pws-p) 130 log(pws-p) 115 log(pws-p) 116 log(pws-p) 114 log ,_..,s-p} 118 log(pws-p) 119 log(pws-p) 

§-May-94 0 93.3 l. 426511261 l. 564666064 l.336459734 l.356025857 l.315970345 l.392595953 l. 409933123 
7-May-94 l 96 l.380211242 l.531478917 l .278753601 l.301029996 l.255272505 l. 3°42422681 l.361727836 
8-May-94 2 97 l.361727836 l. 51851394 1. 255272505 l. 278753601 l. 23 0448921 l. 322219295 l.342422681 
9-May-94 J 96.4 l.37i912003 l. 526339277 l.269512944 l. 292256071 l. 245512668 l.33H5375l l.354108439 

10-May-94 4 97 .1 l.359835482 1.517195898 l.252853031 l. 276461804 l.227886705 l. 320146286 l.3'0444US 
11-May-94 5 97.8 l.346352974 l. 507855872 l.235528447 l.260071388 1.209515015 l.305351369 l.326335861 

12-1'..ay-94 6 98.5 l.33243846 l. 498310554 l.217'83944 l. 243038049 l.190331698 l .290034611 l. 311753861 

13-May-94 7 99.2 l. 318063335 l. 488550717 l.198657087 l. 225309282 l. l 70261715 l.274157849 l.29666519 

14-May-94 8 100 1. 301029996 l.477L2l.255 l.176091259 l.204119983 l.146123036 l. 255272505 l.278753601 

15-May-94 9 100 1. 301029996 l.477121255 l. l 76091259 l.204119983 l.146123036 l. 255272505 l.278753601 

16-May-94 10 100.6 l.28780173 l.46834733 l.1583 62492 l.187 520721 l.12710'798 1.240549248 l. 264817823 

17-May-94 ll 101.1 l.276461804 l. 460897843 1.1430148 l.173186268 l.11058971 1.227886705 l .252853031 

18-May-94 12 101. 4 1. 269512944 l. 4563 66033 l.133538908 1.164352856 l.100370545 1. 220108088 l.245S12668 

19-May-94 13 101.8 l. 2600713 88 1. 450249108 l .120573931 l .152288344 l.086359831 1.209515015 1.235528447 

20-May-94 14 102 .2 1. 250420002 l.444044796 l.10720997 l .139879086 l. 071882007 l.198657087 l.225309282 

21-May-94 15 105 l.1760S1259 l.397940009 l l.041392585 0.954242509 1.113943352 l .146128036 

22-May-94 16 104 l.204119983 1. 414973348 1. 041392685 l.079181246 l 1.146128036 l.176091259 

23-May-94 17 103.l l.227886705 l. 42975228 l. 075546961 l.11058971 l.037426498 l.173186268 l. 201397124 

24-May-94 18 103.3 1.222715471 l. 426511261 1.068185852 1.103803721 1. 029383778 1.167317335 l .195899652 

25-!<ay-94 19 103. 7 1. 2L2187604 l. 419955748 l. 053078443 1. 089905111 1. 012837225 1.155336037 l.184691431 

26-May-94 20 104 1.2041.19983 1. 414973348 l. 041392685 l. 07n81246 l" 1.146128036 1. 176091259 

27-May-94 21 104.2 1.198657087 1.411619706 1. 033423755 1. 071882007 0.991226076 l.139879086 l.170261715 

28-May-94 22 107 l.113943352 1.361727836 0. 903089987 0. 954242509 0.84509804 1. 041392685 1. 079181246 

29-May-94 23 107 l.113943352 l.361727836 0. 903089987 0. 954242509 0.84509804 1. 041392685 l.079181246 

30-May-94 24 106 l.146128036 l.380211242 0. 954242509 1 0.903089987 1. 079181246 1.113943352 

31-May-94 25 105.9 l.149219113 l. 382017043 0. 959041392 l. 004321374 0.908485019 1.08273537 1.117271296 

l-Jun-94 26 106.l 1.1430148 l.378397901 0. 949390007 0.995635195 0.897627091 l.075546961 1.1105897_1 

2-JU!l-94 27 106.2 1.139875085 l.376576957 0. 944482672 0. 991226076 0.892094603 l. 071882007 l.10720997 

3-JU."l-94 28 106.3 1.13 6720567 l.374748346 0. 939519253 0. 986771734 0.886490725 l.068185862 1.103803721 

4-Jun-94 29 106.4 l .133538908 l.372912003 0.934498451 0. 982271233 0. 880813592 l. 064457989 l.100370545 

5-Jun-94 30 106.5 l .130333768 l.371067862 0. 929418926 0. 977723605 0. 875061263 l. 06063784 l.096910013 

6-Jun-94 31 106.8 l .120573931 1.365487985 0. 913813852 0. 963787827 0.857332496 l.049218023 1.086359831 

7-Jun-94 32 107.l l .11058971 l. 378397901 0. 949390007 0. 995635195 0.897627091 1. 037426498 l. 075546961 

8-Jun-94 33 107.2 1.101209n l.376576957 0.944'82672 0. 991226076 0.892094603 l .033423755 l.071882007 

9-Jun-94 34 107 .3 l .103803721 l.374748346 0. 93 9519253 0.986771734 0.886490725 l .029383778 l.068185862 

!.0-JU."l-94 35 107.4 l.100370545 1. 3729,12003 0. 934498451 0. 982271233 0.880813592 1.025305865 l.064457989 

ll-J~1.-94 36 107. 6 l.093421685 l.371067852 0.9294le926 0. 977723605 0.87506U63 l.017033339 l.056904851 

12-Jun-94 37 107.8 l.086359631 1. 365487985 0.913813852 0. 963787827 0.857332496 l. 008600172 l.049218023 

13-JU."1-94 38 108 1. 079181246 l.359835482 0. 897627091 0. 949390007 0.838849091 l 1. 0413 92 685 

14-Jun-94 39 108.3 l. 068185862 l.357934847 0. 892094603 0. 944482672 0.832508913 0.986771734 1.029383778 

15-Jun-94 40 108 .4 l. 064457989 1. 356025857 0. 886490725 0. 939519253 0.826074803 0. 982271233 l.025305865 

16-Jun-94 41 108.5 l. 06069784 l.354108439 0. 880813592 0. 934498451 0.819543936 0. 977723605 l.021189299 

l 7-Jun-94 42 108.6 l. 056904851 1. 350248018 0. 86923172 0. 924279286 0.806179974 0. 973127854 l. 017033339 

18-Jun-94 43 108.7 l. 053078443 l.34635297' 0. 857332496 0. 913813852 0. 792391689 0.968482949 l.012837225 

19-Jun-94 44 108.8 l. 04921-8023 l .3424226Sl . 0. 84509804 0.903089937 0. 77815L25 0. 963787827 1. 008600172 

20-Jun-94 45 - 109 1. 041392685 I.336455734 0. 826074803 - 0. 886490725 o. 755874855 0. 954242509 1 
: 2 l-,fon-94 46 109.2 l.033423755 l.334453751 o'. 819543536 . 0. 880813592 : 0. 7t8188027 0. 944482672 0 :991226076 

22-Jun-94 47 109.5 l. 021189299 l.33243846 0.812913357 o. 875061263 o. 740362089 0.929418926 0. 977723605 

23-Jun-94 48 109.5 1. Q21189299 l. 330413773 0.806179974 0.86923172 0. 73239376 0.929418926 0.977723605 

24-Jun-94 49 109.5 l. 021189299 l.328379603 0. 799340549 0. 86332286 0.72427587 0.929418926 0.977723605 

25-Jun-94 so 109.6 1.017033339 l.326335861 0. 7 92391689 0. 857332496 0.716003344 0. 924279286 0. 973127 854 

26-Jun-94 51 109.7 1. 012837225 l.322219295 0. 77815125 0. 84509804 0.698970004 0.919078092 0.968482949 

27-Jun-94 52 110 1 1.318063335 0. 763427994 0.832508913 0. 681241237 0.903089987 0.954242509 

28-Jcn-94 53 110.l 0.995635195 l.311753861 0. 740362689 0. 812913357 0.653212514 0.897627091 0.949390007 

29-Jun-94 54 110.2 0. 991226076 l. 311753861 0. 740362689 0.812913357 0. 653212514 0. 8920946(;3 0.944482672 

30-JtL.'"l ... 94 55 l.10.3 0. 986771734 l.311753851 0. 740362689 0. 812913357 0. 653212514 0. 886490725 0.939519253 

l-Jul-94 56 110.4 0. 982271233 l.309630157 0. 73239375 o. 806179974 0. 643452676 0.880Sl3592 0. 934498451 
2-Jul-94 57 110.5 0. 977723 605 l. 307496038 0. 72427587 0. 799340549 0. 633468456 0. 875061263 0. 929418926 
3-Jul-94 58 110.6 0. 973127854 l. 301029996 0. 698970004 0. 77815125 0. 602059991 0.86923172 0.924279286 

4-Jul-94 59 110.7 0. 968482949 l. 298853076" 0. 69019608 0. 770852012 0. 591064607 0. 86332286 0.919078092 
5-Jul-94 60 110.9 0. 959041392 l.29666519 0.681241237 0. 763427994 0.579783597 0.851258349 0.908485019 
6-Jul-94 61 111 0. 954242509 l.294466226 0. 672097858 0. 755874856 0.568201724 0. 84509804 0.903089987 
7-Jul-94 62 111.l 0. 982271233 l. 292256071 0. 662757832 0. 748188027 0. 556302501 0.838849091 0.897627091 
S-Jul-94 63 111.l 0. 977723605 l.2900H611 0.653212514 0. 740362689 0. 544068044 0.838849091 0.897627091 
9-Jul-94 64 111.2 0.973127854 l.28780173 0.643452576 0. 73239375 0.531478917 0. 832508913 0.892094603 

10-Jul-94 65 111.2 0. 968482949 l. 285557309 0.6334S8456 0. 72427587 0.5185l.394 0. 832508913 0.892094603 
11-Jul-94 66 111.3 0. 959041392 l.281033367 0. 612783857 0. 707570176 0. 491361694 0.826074803 0.886490725 
12-Jul-94 67 111.5 0. 954242509 l. 278753601 0.602059991 0. 698970004 0.477121255 0.812913357 0.875061263 

13-Jul-94 68 111.6 0. 949390007 l. 292256071 0.662757832 0. 748188027 0. 5563025'01 0.806179974 0.86923172 
14-Jul-94 69 lll. 7 0. 949390007 l. 290034611 0. 653212514 0. 740362689 0. 544068044 0. 799340549 0. 86332286 
15-Jul-94 70 111.8 0. 944482672 1.28780173 0. 643452676 0. 73239376 0.531478Sl7 0. 792391689 0.857332496 
16-Jul-94 71 lll.9 0. 944482672 l. 285557309 0.633468456 0. 72427587 0. 51851394 0. 785329635 0.851258349. 
17-Jul-94 72 112 0. 939519253 l. 2810333 67 0. 612783857 0. 707570176 0. 491361694 0. 77815125 0. 84509804 
18-Jul-94 73 112 0. 92941892S 1.278753601 0. 602059991 0. 698970004 0.477121255 0. 778l5U5 0.84509804 
19-Jul.-94 74 112.2 0. 924279285 l.276461804 0. 591064607 0. 69019608 0.462397998 0.763427994 0. 832508913 
20-Js,l-94 75 112.2 0. 91907 8092 l.276461804 0.59106'607 0. 69019608 0.462397998 0.763427994 0.832508913 
21-Jul-94 76 112.3 0.913813852 l.274157849 0.579783597 0. 681241237 0.447158031 0.755874856 0.826074803 
22-Jul-94 77 112.5 0.908485019 l.274157849 0. 579783597 0.681241237 0.447158031 0.740362689 0. 812913357 
23-Jul-94 78 112·.5 0. 903089987 l.271841607 0.568201724 0. 672097858 0.431363764 0.740362689 0. 812913357 
24-Jul-94 79 112.5 0. 903089987 1.267171728 0.544068044 0. 653212514 0 .397940009 o. 740362689 0. 812913357 
25-Jul-94 80 112.5 0. 892094603 l.264817823 0.531478917 0.643452676 0.380211242 0. 740362689 0.8U913357 
26-Jul-94 81 112.8 0. 892094603 l.26245109 0.51851394 0.633468456 0.361727S36 0.716003344 0. 792391689 
27-..Jul-94 82 112.9 0. 886490725 l.260071368 O.SOSH9978 0. 62324929 0. 342422681 0. 707570176 0.785329835 
22-Jul-94 83 113.l 0.875061263 l.257678575 0.491361694 0.612783857 0.322219295 0.69019608 0. 770852012 
29-Jul-94 84 113.1 0. 875061263 l.255272505 0.477121255 0. 602059991 0.301029995 0.69019508 0.770852012 
30-Jul-94 85 113.2 0.875061263 l. 255272505 \.....---· 0. 477121255 0. 602059991 0.301029996 0. 681241237 0.763427994 
31-Jul-94 86 113.3 0. 875061263 l.250420002 0. 447158031 0. 579783597 0. 2 55272 505 0. 672097858 o. 755874856 

l-Aug-94 87 113 .3 0. 857332496 1. 250420002 0. 447158031 0. 579783597 0 .255272505 0.672097858 0. 755874856 
2-Aug-94 88 113.4 0. 851258349 l.247973266 0. 431363764 0. 568201724 0.230448921 0.662757832 0.748188027 
3~Aug-94 89 113.6 0. 838849091 l.243038049 0.397940009 0. 544068044 0 .176091259 0.643452675 0.73239376 
4-Aug-94 90 113.6 0.838849091 l .243038049 0.397940009 0.544068044 0.176091259 0.643452676 0.73239376 
5-Aug-94 91 113. 7 0. 832508913 l. 243038049 0. 397940009 0. 544068044 0.176091259 0.633468456 0. 72427587 
6-Aug-94 92 113.8 0.82607'803 l.243038049 0.397940009 0.544068044 0.176091259 0. 62324929 0. 716003344 
7-Allg-94 93 113.9 0. 826074803 l.235528447 0. 342422681 0.505149973 0.079181246 0. 612783857 0.707570176 
8-A'.lg-94 94 113.9 0.819543935 l.23299611 0. 322219295 0.491361654 0.041392685 0.512783857 0.707570176 
9-Aug-94 95 114 0.806179974 l.227886705 0.278753601 0.462397998 -0.04575749 0. 602059991 0. 698970004 

10-Aug-94 96 114 0.806179974 1. 227886705 0.278753601 0.462397998 -0.04575749 0.602059991 0. 698970004 
ll-Aug-94 97 1.14. 2 o. 799340549 l.225309282 0. 255272505 0.447158031 -o. 09691001 0.579783597 0.68124}.237 
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leYder l&u report 
December 28, 1995

Summary

Calculations indicate 0.065 BCF (@ 14.65 psi) less gas in storage than is being 
carried on the books. Therefore, an L&U adjustment of 65,000 MCF (@ 14.65 
psi) should be applied to the book volume by subtracting same from the book 
volume.

Four methods were used to evaluate the L&U gas as outlined below. The two 
methods which gave reasonable estimates were averaged to come up with an 
L&U figure.

Current year L&U, MCF (@14. 65 psi). Method

29,848
(54,480)
100,000
385,968

1 (Muskat Plot)
2 (Vol in - Vol out)
3 (History)
4 (Homer Plot)

Method 1

Analysis of the Muskat plot of the pressure build-up data obtained from May 31, 
1995 (end of the year-long interchangeable withdrawal/injection operation) 
through July, 7 1995 prior to sustained injection to refill the Leyden storage 
cavern. The analysis indicated a stabilized cavern pressure of 122 psig. 
Obtained the theoretical volume of gas in the cavern by applying the stabilized 
PA/ relationship of 11.6 MMCF/psig which still represents the current operating 
condition at Leyden. The L&U was obtained by establishing the difference 
between the book volume and the theoretical volume. Based on the data 
analyzed, it shows that theoretical volume was 29,848 mcf less than book

PSC 039767
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Calculations indicate 0.065 BCF (@ 14.65 psi) less g~s in storage than is being 
c~rried on the books. Therefore, an L&U adjustment of 65,000 MCF (@ 14.65 
psi) should be applied to the book volume by subtracting same from the book 
volume. 

Four methods were used to evaluate the L&U gas as outlined below. The two 
methods which gave reasonable estimates were averaged to come up with an 
L&U figure. 

---------------------------------
Curren! year L_&U, MCF (@14._65 psij _ 

---------------

Method 1 

29,848 
(54,480) 
100,000 
385,968 

-----------

1 
2 
3 
4 

Method 

(Muskat Plot) 
(Vol in - Vol out) 
(History) 
(Homer Plot) 

Analysis of the Muskat plot of the pressure build-up data obtained from May 31, 
1995 (end of the year-long interchangeable wit~drawal/injection operation) ; 

,. through July, 7 1995 prior to sustained injection to refill the Leyden storage 
.,,_, cavern. The analysis indicated a stabilized cavern pressure of 122 psig. 

Obtained the theoretical vplume of gas in the cavern by applying the stabilized 
PN relationship of 11.6 MMCF/psig which still represents the current operating 
condition at Leyden. The L&U was obtained by establishing the difference· 
between the book volume and the theoretical volume. Based on the data 
analyzed, it shows that theoretical volume was 29,848 mcf less than· book 
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volume. The operating nature of the cavern with relation to the intermittent short 
withdrawals and injections could mask the results obtained.

Method 2

This method compared the book volume in 1995 to the book volume in 1994. 
The method also assumes the stabilized PA/ relationship of 11.6 MMCF/psig to 
equate the two year end volumes to the same pressure.

Method 3

This is based on the historic trends. Documentation can be found in the 1/3/91 
Leyden L&U report.

Method 4

-This method uses the Horner Plot Analysis of the pressure build up data. The 
stabilized pressure from the plot was 91.3 psig. The last straight line period was- 
relatively short and difficult to identify. The stabilized P/V relationship of 11.6 
MMCF/psig was also applied to the stabilized pressure to obtain the L&U. The 
estimated L&U figure of 385,968 mcf (0.34 bcf) based on the Homer analysis is 
somewhat questionable and therefore unreliable.

Nat Olowu 
Reservoir Engineer 
PSCo (Natural Gas Group) 
December 28, 1995

PSC 039768
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volume. The operating nature of the cavern with relation to the intermittent short 
withdrawals and injections could mask the results obtained. 

Method 2 

This method c·ompared the book volume in 1995 to the book volume in 1994. 
The method also assumes the stabilized PN relationship of 11.6 MMCF/psig to 
equate the two year end volumes to the same pressure. 

Method 3 

This is based. on the historic trends. Documentation can be found in the 1 /3/91 
Leyden L&U report.· 

Method 4 

-This method L!Ses the Horner Plot A~alysis pf the pressure build up dpta. The 
·stabilized pressure from the plot was 91.3 psig. The last stra.ight line. period was, 
relatively short and difficult t~ identify. The stabilized PN relationship of 11.6 
MMCF/psig was also applied to the stabilized pressure to obtain the L&U. The 
estimated L&U figure of ~85,968 met (0.34 bcf) based on the Horner analysis is 
somewhat questionable and therefore unreliable. 

Nat Olowu 
Reservoir Engineer 
PSCo (Natural Gas Group) 
December 28, 1995 
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MUSKAT PLOT

Leyden 1995 Pressure Buildup Analysis

MUSKATPLOT 

Leyden 1995 Pressure Buildup Analysis 
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HORNER PLOT DATA MUSKAT PLOT DATA

Pressure, t* pwo pws pws pws
Oats pslg 31 Dt (1*01 yot 120 log(pws-p) 130 log(pws*p) 115 tog(pw»*p) 110 log(pws*p}

3t*May95 92 0 1.447150031 1.579703597 1.361727530 1.300211242
1-Jur>-95 93 1 32 1.411363764 1.560201724 1442422601 1461727036
2-Jun-OS 94 2 104 1.414973340 1456302501 1422219295 1442422681
3-Jun-95 95 3 1143333333 1497940009 1.544060044 1401029996 1422219295
4-Jutv95 98.5 4 0.75 1471067062 1.525044 M7 .1467171720 1490034611

• 5*Jur>-05 98.9 8 7.2 1.309215057 1423746487 1.264817623 1.28700173
0*Jurv95 974 8 0.160668667 1452102518 1411603391 1.243036049 1497171720
7-Juo-9S 90.1 7 5.420571429 1440444115 1403790603 1.227608705 1452053031
Osluo-95 98.0 0 4.075 142I33S861 1.494154534 1409515015 1435520447
O-Jim-OS 99.3 9 4.444444444 1415970345 1.407130375 1.19S0996&2 1422710471

lCkJun-9S 101 10 4.1 (476753001 1.462397990 1.140120030 1.176091259
11-Jurv9S 100 11 3.010101610 1401029996 1.477121255 1.(76091259 1404119983
12*Jufv9S 100.0 12 3403333333 1483301229 1.465302051 U62206344 1.181043583
»3-Jun*95 101.4 13 3.304016385 1.269512944 1.456366033 1.133636908 1.184352856
U-Ju/i-OS 101.0 14 3.214285714 1.2000713BB 1.450249108 1.120573931 1.1S228B344
1$-Jun«05 102.4 15 3.006000607 1.245512668 1.440909062 1.100370545 1.133530900
I5*JujvB5 102.8 18 2.9375 1435520447 1.434560904 1.006359031 1.120573931
17-Jutv65 103.5 17 2.623529412 1417403944 1.423245074 1.06069704 1.096910013
16«Jun-05 10S 16 2.722222222 1.176091259 1.397940009 1 1.041392605
19.Jim.85 104.4 19 2.031578947 1.193124588 1.408239965 1.025305065 1.084457989
20-Jun-9S 104.8 20 245 1.187520721 1.404833717 1.017033330 1.056904651
21-Jurv95 105 21 2.470190470 1.176091259 1.397940009 1 1.041392605
22*Jun>95 1054 22 2.409090909 1.170261715 1.394451861 0.991228070 1.033423755
23Jurv^S 10S.4 23 2447826087 1.1643528S6 1.390935107 0.902271233 1.025305085
24OUV05 100 24 2491068667 1.140126038 1.300211242 0.954242509 1
25-Jun-e5 107 25 244 1.113943352 1.361727838 0.903089907 0454242509
26JUV65 1064 28 2.192307692 1.136720567 1.374740346 0.939519253 0488771734
27-Jurv95 1064 27 2.146140140 1.130333760 1.371067082 0.929416920 0.977723605
2«-JurvC5 108.8 20 2.107142857 1.120573931 1.38540790S 0.913813852 0.663707027
29-Jutv95 108.9 29 2.066965517 1.117271296 1.38361198 0.008465019 0.9590413B2
J0-Jufv9S 107.1 30 2.033333333 1.11058971 1.359035402 0.097827091 0.949390007

lvhrt-95 1074 31 2 1.096910013 1.352162518 0.075001283 0.929410920
2*JUl>95 107.8 32 1.96075 1488359031 1.374740348 0.939519253 0.SSS771734
3*JuK65 108 33 1.939393939 1.070161243 1471067082 0.929410928 0.977723605
4hM-95 108.1 34 1.911764706 1.075548981 1.365487985 0.913013052 0.983707827
5-JuV95 106.2 35 1.885714200 1.071882007 1.36361198 0.90040S010 0.859041392
0«Ju1>95 1084 36 1.601111111 1.068165062 1.359835402 0.897027091 0.946380007
V-Jul-95 1004 37 1.037037038 1.08069764 1.352182510 0.075061263 0.929410920

pws
114 l0B(pw»-p)

1.342422081 
1.322210293 
1.301029996 
1478753601 
1443030049 
1.240549240 
1.217403944 
1.201397124 
1.101043500 
1.107317335 
1.113943332 
1.140128030 
1.12057^931 
1.100370345 
1.080359831 
1.004457089
1.049210023 
1.021189299 
0.954242509 
0.902271233 
0.973127054 
0.954242309 
0.944402672 
0.934490451 
0.903009987 
0.0430*804 

0.005490723 
0.073061263 
0.057332490 
0.051250349 
0.030049091 
0.612913357 
0.666490723 
0.875001203 
0.857332490 
0.851258349 
0.630049001 
0.012013307

pwo
122 log(pws-p)

1.477121255 
1.462397998 
1.447158031 
1.431363764 

1.40654010 
1.404033717 
1.309t66004 
1.370397901 
1.365407905 
055025057 
1.322219295 
1.342422601 
1.320335061 

1.31306722 
1.305391308 
1.292256071 
1.283301220 
1.207171728 
1.230446921 
1445S12666 

, 1.240540240 
1.230440921 
1.225309202 
1.220100000 
1.204119903 
1.1700912S9 
1.195899652 
1.100331690 
1.101643580 
1.170976947 
1.173100268 
1.101368002 
1.195099652 
1.190331090 
1.101043508 
1.170070947 
1.173180288 
1.101308002

pws
110 tog(pws-p) 

1.414973348
1.397940009 
1480211242 
1461727638 

1.33243046 
1.330413773 
1.311753081 
1.290053076 
1.203301229 
1.271841607 
1430448621 
1.255272505 
1.235528447 
1.220106088 
1.209515015 
1.193124598 
1.181843508 
1.101368002
1.113943352 
1.133S38908 
1.127104798
1.113943352 
1.10720997 

1.100370545 
1.079161246 
1.041392605 
1.066105662 

1.06009784
1.049210023 
1.045322979 
1.037426498 
1.021109299 
1.006800172 

10.995635195
0.991226076
0.900771734
0.077723605

pws
110 log(pwn-p)

1.431363764
1.414973346
1.397940009
1.300211242
U52162510
1.350240010

1.33243040
1.320140200
1.305351369
1.294409226
1.255272505
1478753601
1.260071386
1.245512660
1.235520447
1.220108000
1.209515015
1.160331668
1.146128038
1.164352056
1.150362492
1.140120036
(.139079066
1.133530900
1.1139433S2
1.079181246
1.103803721
1.096910013
1.086359031
1.06270537

1.075546961
1.08069704

1.049210023
1.041392865
1.037428498
1.033423755
1.020383778
1.021169290

pws
120 log(pws-p) .

1.S1851394 
1.505149970 
1.491361694
1.477121255 
1.45434406 
1.45331034 

1.439332694 
1.42975220 

1.410301291 
1.409333123 
1.380211242
1.397940009 
1.383815306 
1.372912003 
1.365487985 
1.354108439 
1.346352974 
1.33243649 

1.301029998 
1.31306722 

1.309630107 
1.201029998 
1.29686519 

1.292256071 
1J278753601 
1455272505 
1471041807 

. 1457171720
1430071368 
1457670575 
14S2SS3G31 
1443038049 
1435520*47 
1430446921 
1427008705 
1.225309282 
1.222716471 
1417483044

pws
122 1og(p»s*p)

1.477121255
1.462397098
1.447156031
1.431383704

1.40854016
1.404833717
1.389180004
1.370397901
1.305407905
1456025057
1422210295
1442422001
1420335061
1.31380722

1405351309
1.202250071
1.203301229
1.267171720
1430446921
1.245512008
1440549240
1430448021
1425309282
1420108060
1404119083
1.170091259
1.195899852
1.190331098
1.101043508
1.178970947
1.173100260
1.101308002
1.152280344
1.140128038

1.1430148
1.136879000
1.130720507
1.130333700

HORNER PlOT DATA MUSKATPlOTDATA 

Pressuro, .. pwo pwo pwa pwa pwo pw• pws pwo pwa pw• 
Dato pslg 31 DI (l•Dl)/01 120 IDO(l>w,•p) 130 loOCPws-P) 115 log(pw1-p) 110 log(pw51)) 114 log(llvn•rl 122 log(pwt•p) 118 log(pwl•P) 110 log(pwn•p) 125 log(pw .. p) 122 log(pw .. p) 

3I-May-95 02 0 1.u11seo:11 1.579783597 ue1121535 1.350211242 1.342422081 1.4771212!5 1.4149733◄8 1.01303784 1.51851394 l.4TT121255 
1.Jur>-95 03 1 32 1 .CJ I l037114 1.sea201n4 1.3◄2422681 1.36ln783e 1.322210295 1.402397998 1.397940009 1.414973348 1.505149978 l.48Zl071198 
2.Jur,.05 94 2 18.5 1.'14~8 1.5563'12.."01 1.322219295 1.:.◄ 2422681 1.30102WQ8 1.447158031 l.380211242 1.397940009 1.<91301~ 1.44715&03I - 95 3 II.JJ333333 1.3979400l);I 1.5◄406e04-4 1.301029990 1.3222111295 1.V8753e01 1,◄ll3e378< 1.3817278311 l.380211242 1.4i71212S5 1.431353784 
4.Jur,-95 99.5 4 8.75 U 71 IIS7?S2 l.52.SO«to7 ,1..297171728 1..2i00l<811 1.243034049 1.40ll5◄018 1.3320048 1.352182518 1.454..«88 1.40ll5◄ 018 

.6-Jur>-05 99.8 5 7.2 1.389215857 1 .523746467 1 .211481 7123 1.2B7Mll73 1.240549248 1.404833717 1.n0◄ 1Jm 1.350248018 1.45331834 1.404833717 
0..,-5 97.5 8 o. 11lG888887 1.3S2182518 1.S11883351 1.2430380◄9 1 .257171728 1.217483944 UUl880M 1.311753881 1,33243848 1.43!13321194 1.3H1fl00&4 
7-Jur>.9S 08.1 7 5.428571429 l.340444115 1 .50J 7;tl683 1.227~705 1.2S28Sl03 I 1.201397124 1 .378397001 1.298853078 1.320140280 1.42975228 1.378397001 
a.Jun.OS ;a.a 8 '-87S 1.32B33S881 1.49415◄ 5il4 1.209S15015 1.23552ll« 7 1.181843588 1 .385487$8S 1.283301229 1.305351389 1.41830129I 1.305487985 
II-Jun.OS vu 0 4,4-t-««4'4 1.315970l45 ,.,87134375 1.18sew852 1.222716471 1.187S173!5 1.35&025857 1.271841607 1.29440822e 1.◄oa.33123 1.356025857 

1o-Juo.VS 101 10 4.1 1.278753501 U823979i8 l.l4012l5038 1.176001259 1.11390!52 1.3222111295 1.230«8921 1.255272505 1.3W211242 1.32221V295 
11..Jun.95 100 11 3,818101010 1.3010291198 1.4TT121255 1.179091259 1.20◄ 119983 1.140128038 1.3◄ 242291 1.255272505 1.270753801 1.391940009 1.3◄2◄22U81 
12•.Jun.95 100.8 12 3.583333333 1 .283301229 1.485382851 1.152288344 1.181843558 1.120573931 1 .325335881 1.235S28447 1,2110071388 1.383815388 1.3211335881 
l3-Jun-95 IOU 13 3.304015385 1.269512944 1.458386033 l,133530908 1, 164352850 1.100370545 1.31388722 1.220108088 1.245512688 uno12003 1.31380722 
14-Jun-05 101.8 I ◄ 3,214285714 1 .200071388 1.450249108 1,120873031 t.1S2288344 1.080359831 1,305351309 1.209515015 1.23~528447 1.365487985 1.305351309 
IG-Jun-05 102,4 15 3,008068687 1,2◄ 55125815 1 .440909082 1.100370545 1.133536908 1.084457080 1,282250071 1.183124598 l,220108088 1,354108439 1,202250071 .-,, 
111-Jun-05 102.8 18 2.9375 I ,235528447 1 .434568904 1.008359831 1.120573931 1.049218023 1.283301229 1.181843568 1,200516015 1.348352974 1.283301229 
17.Jun.05 103.5 17 2.823529412 1 .217403944 1 ,423245874 1.060507114 1.096010013 1.021188299 1.2871717 28 1.181388002 1.180331898 1.33243848 1 .2117171728 
Ill-Jun.OS 105 18 2.m222222 1,1711®12S9 1 .307940009 1 1.0◄ 131121185 0.954242509 1.230448921 1.113943352 1.148128038 1 .301029998 1.230448021 
19..J..,.95 104,4 10 2.031578947 1,193124598 1.408239985 1 .025305885 l.0&4457089 0,982271233 1.245512a&8 1.133538908 I, 1114352850 1.31388722 1,245512008 
20.Jun-95 104.6 20 2.55 l,187!>20721 1,404833717 1.017033330 1.056904851 0,073127854 • 1,2405402•8 1.127104798 1.150302492 1,309630187 1.240540248 
21.Jun-95 105 21 2.470190470 1.178091259 1 ,397940009 1 t.041392885 0.954242Soil 1.230448821 1.113043352 1,140128030 1,301029996 1.230448021 
22--lun-95 105.2 22 2.4gg(J90900 1.170261715 1.394451881 0.991228078 1.033423755 0.044482872 1.22530V282 1.10720997 l,1398711110e 1.29866519 1.225300282 
~s 105.4 23 2.3◄ 78211(187 1.184352a56 1.31101135107 0.$112271233 1.025305885 0.93◄ 4911451 1.220108083 1.100370545 1.133S38909 1.292256071 1.220108084 
24- 108 24 2.2910611687 1.1481280J8 1.300211242 0.854242509 1 0.90308Wll7 1.20411119113 1.078181248 1.113043352 1.278753601 1.2041111983 
2~ 107 25 2.2, 1.113943352 1.l6172i838 0.-1 D.V5<242SOII 0.114- 1.1711®1259 1.0413i2!1a5 1.079181240 1.255272505 1.17ll081259 - 108.3 29 2.182307892 1.138720567 1.3747'83,18 0.93951V253 O.sa577173◄ 0.8&5490725 1.195199852 1.088185862 1.103103721 1.271MUIJ7 1 .18511V91152 
27.Jur>.95 108.5 27 2.t-t8148148 1.1303331'& 1.371087t82 0.929◄ I 8920 0.91'7723eC5 0,87508126:1 1.1003316113 1.0006ll784 1,09l!810013 1.257171nB 1.1 II03l11198 
211-Jun.95 108.8 28 2.107142857 1,120573?3I 1.385487985 0,913813852 0.963787827 0.857332490 1.181843588 1.049218023 1.08el59831 1.260071388 1.1518435&a 
211..Jur>-95 106,9 29 2.08aoos511 1.1172712ile 1.l0361198 0,008485018 0.859041392 0.851258349 1.178978947 1.CMS322978 1.08278537 1.257678575 1.178970947 
30..Jun.85 107.1 30 2.033333333 1.11056971 1.3S9a35◄ 82 0.0971127091 0.949390007 0,0381148091 1.173180268 1.0374211498 1,07S5◄G981 1.252BS3031 1.1n1oe2110 

I.Jul.OS 107.5 31 2 1.099910013 1.352182518 0.875081283 0.829◄ 18928 0.012913J57 1.101300002 1.0211892911 1.08069784 1.2430380◄ 9 1.181Jea002 -.os 107.8 32 1.9e875 l.oa8l5D831 1.374748348 0.9385111253 0.98577173◄ 0.888490725 1.195889852 1.008800172 1.049218023 1.23552&4◄7 1,152288340 
-85 108 33 U3V3113939 1.0791812•5 1.371087862 0.112941n2!1 0.977723605 0.8750012113 1.190331898 1 l.041382e45 1.230448921 1.14812110l8 
4.Ju~95 108.1 34 l.0117114708 1.075546981 1.385487985 0.013813852 o.983787a21 o.a57332490 1.1011143588 0.995035185 1.037'28498 1.227888705 1,1430148 
S-Ju~85 108.2 35 1,885714288 1.011a92001 1.38381198 0,Q0848SOI0 0.859041382 0.851258349 1.11ao1e947 0.991228078 1,033423755 1.225309282 1.139879000 
0.Jul-95 108.3 38 1.801111111 1,088185882 1,359835482 0,88'/027001 0,949300007 0.83884000 I 1.173188288 0.008771734 l,OZD383770 1.222718471 1.130720507 
-,.Jul-95 108.S 37 1,03783'/038 1,08068784 1.352182518 0,875081203 0.928410820 0,812013307 1.1813oao02 0.077723805 1.021109299 1.217483844 1.130333708 



P
S

C

HORNER PLOT DATA MUSKAT PLOT DATA

Pressure,_____tf_____________________ pws______________pws_______________pws_______________ pws ._________________ pws________________ pws
1 Date psig 31 Dt (t+Dt)/Dt 120 loq(pws-p) 130 loq(pws-p) 115 loq(pws-'p) 116 loq(pws-p) 114 loq(pws-o) 122 loq(pws-p)

31-May-95 92 0 1.44715803 1.5797836 1.36172784 1.380211242 1.342422681 1.477121255
I 1-Jun-95 93 1 32 1.43136376 1.56820172 1.34242268 1.361727836 1.322219295 1.462397998

2-Jun-95 94 . 2 16.5 1.41497335 1.5563025 1.32221929 1.342422681 1.301029996 1.447158031
I 3-Jun-95 95 3 11.33333333 1.39794001 1.54406804 1.30103 1.322219295 1.278753601 1.431363764

4-Jun-95 96.5 4 8.75 1.37106786 1.52504481 1.26717173 1.290034611 1.243038049 1.40654018
I 5-Jun-95 96.6 5 7.2 1.36921586 1.52374647 1.26481782 1.28780173 1.240549248 1.404833717

6-Jun-95 97.5 6 6.166666667 1.35218252 1.51188336 1.24303805 1.267171728 1.217483944 1.389166084
I 7-Jun-95 98.1 7 5.428571429 1.34044411 1.50379068 1.2278867 1.252853031 1.201397124 1.378397901

8-Jun-95 98.8 8 4.875 1.32633586 1.49415459 1.20951501 1.235528447 1.181843588 1.365487985
I 9-Jun-95 99.3 9 4.444444444 1.31597035 1.48713838 1.19589965 1.222716471 1.167317335 1.356025857

10-Jun-95 101 10 4.1 1.2787536 1.462398 1.14612804 1.176091259 1.113943352 1.322219295
I 11-Jun-95 100 11 3.818181818 1.30103 1.47712125 1.17609126 1.204119983 1.146128036 1.342422681

12-Jun-95 100.8 12 3.583333333 1.28330123 1.46538285 1.15228834 1.181843588 1.120573931 1.326335861
I 13-Jun-95 101.4 13 3.384615385 1.26951294 1.45636603 1.13353891 1.164352856 1.100370545 1.31386722

14-Jun-95 101.8 14 3.214285714 1.26007139 1.45024911 1.12057393 1.152288344 1.086359831 1.305351369
I 15-Jun-95 102.4 15 3.066666667 1.24551267 1.44090908 1.10037055 1.133538908 1.064457989 1.292256071

16-Jun-95 102.8 16 2.9375 1.23552845 1.4345689 1.08635983 1.120573931 1.049218023 1.283301229
I 17-Jun-95 103.5 17 2.823529412 1.21748394 1.42324587 1.06069784 1.096910013 1.021189299 1.267171728

18-Jun-9G 105 18 2.722222222 1.17609126 1.39794001 1 1.041392685 0.954242509 1.230448921
I 19-Jun-95 104.4 19 2.631578947 1.1931246 1.40823997 1.02530587 1.064457989 0.982271233 1.245512668

20-Jun-95 104.6 20 2.55 1.18752072 1.40483372 1.01703334 1.05690485.1 0.973127854 1.240549248
I 21-Jun-95 105 21 2.476190476 1.17609126 1.39794001 1 1.041392685 0.954242509 1.230448921

22-Jun-95 105.2 22 2.409090909 1.17026172 1.39445168 0.99122608 1.033423755 0.944482672 1.225309282
I 23-Jun-95 105.4 23 2.347826087 1.16435286 1.39093511 0.98227123 1.025305865 0.934498451 1.220108088

24-Jun-95 106 24 2.291666667 1.14612804 1.38021124 0.95424251 1 0.903089987 1.204119983
I 25-Jun-95 107 25 2.24 1.11394335 1.36172784 0.90308999 0.954242509 0.84509804 1.176091259

26-Jun-95 106.3 26 2.192307692 1.13672057 1.37474835 0.93951925 0.986771734 0.886490725 1.195899652
I 27-Jun-95 106.5 27 2.148148148 1.13033377 1.37106786 0.92941893 0.977723605 0.875061263 1.190331698

28-Jun-95 106.8 28 2.107142857 1.12057393 1.36548798 0.91381385 0.963787827 0.857332496 1.181843588
I 29-Jun-95 106.9 29 2.068965517 1.1172713 1.36361198 0.90848502 0.959041392 0.851258349 1.178976947

30-Jun-95 107.1 30 2.033333333 1.11058971 1.35983548 0.89762709 0.949390007 0.838849091 1.173186268
I 1 -Jul-95 107.5 31 2 1.09691001 1.35218252 0.87506126 0.929418926 0.812913357 1.161368002

2-Jul-95 107.8 32 1.96875 1.08635983 1.37474835 0.93951925 0.986771734 0.886490725 1.195899652
I 3-Jul-95 108 33 1.939393939 1.07918125 1.37106786 0.92941893 0.977723605 0.875061263 1.190331698

4-Jul-95 108.1 34 1.911764706 1.07554696 1.36548798 0.91381385 0.963787827 0.857332496 1.181843588
I 5-Jul-95 108.2 35 1.885714286 1.07188201 1.36361198 0.90848502 . 0.959041392 0.851258349 1.178976947

6-Jul-95 108.3 36 1.861111111 1.06818586 1.35983548 0.89762709 0.949390007 0.838849091 1.173186268
I 7-Jul-95 108.5 37 1.837837838 1.06069784 1.35218252 0.87506126 0.929418926 0.812913357 1.161368002

o
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HORNER PLOT DATA MUSKAT PLOT DATA 

Pressure t= ws WS ws ws ws 
Date si 31 DI t+DI /DI 120 lo s- 130 lo ws- 115 lo ws: lo 114 122 

31-May-95 92 0 1.44715803 1.5797836 1.36172784 1.380211242 
1-Jun-95 93 1 32 1.43136376 1.56820172 1.34242268 1.361727836 
2-Jun-95 94. 2 16.5 1.41497335 1.5563025 1.32221929 1.342422681 
3-Jun-95 95 3 11.33333333 1.39794001 1.54406804 1.30103 1.322219295 1.278753601 1.431363764 
4-Jun-95 96.5 4 8.75 1.37106786 1.52504481 1.26717173 1.290034611 1.243038049 1.40654018 
5-Jun-95 96.6 5 7.2 1.36921586 1.52374647 1.26481782 1.28780173 1.240549248 1.404833717 
6-Jun-95 97.5 6 6.166666667 1.35218252 1.51188336 1.24303805 1.267171728 1.217483944 1.389166084 
7-Jun-95 98.1 7 5.428571429 1.34044411 1.50379068 1.2278867 1.252853031 1.201397124 1.378397901 
8-Jun-95 98.8 8 4.875 1.32633586 1.49415459 1.20951501 1.23552844 7 1.181843588 1.365487985 
9-Jun-95 99.3 9 4.444444444 1.31597035 1.48713838 1.19589965 1.222716471 1.167317335 1.356025857 

--, 
10-Jun-95 101 10 4.1 1.2787536 1.462398 1.14612804 1.176091259 1.113943352 1.322219295 
11-Jun-95 100 11 3.818181818 1,30103 1.47712125 1.17609126 1.204119983 1.146128036 1.342422681 
12-Jun-95 100.8 12 3.583333333 1.28330123 1.46538285 1.1.5228834 1.181843588 1.120573931 1.326335861 
13-Jun-95 101.4 13 3.384615385 1.26951294 1.45636603 1.13353891 1.164352856 1.100370545 1.31386722 
14-Jun-95 101.8 14 3.214285714 1.26007139 1.45024911 1.12057393 1.152288344 1.086359831 1.305351369 
15-Jun-95 102.4 15 3.066666667 1.24551267 1.44090908 1.10037055' 1.133538908 1.064457989 1.292256071 
16-Jun-95 102.8 16 2.9375 1.23552845 1.4345689 1.08635983 1.120573931 1.049218023 1.283301229 
17-Jun-95 103.5 17 2.823529412 1.21748394 1.42324587 1.06069784 1.096910013 1.021189299 1.267171728 
18-Jun-95 105 18 2.722222222 1.17609126 1.39794001 1 1.041392685 0.954242509 1.230448921 
19-Jun-95 104.4 19 2.631578947 1.1931246 1.40823997 1.02530587 1.064457989 0.982271233 1.245512668 
20-Jun-95 104.6 20 2.55 1.18752072 1.40483372 1.01703334 1.05690485.1 0.973127854 1.240549248 
21-Jun-95 105 21 2.476190476 1.17609126 1.39794001 1 1.041392685 0.954242509 1.230448921 
22-Jun-95 105.2 22 2.409090909 1.17026172 1.39445168 0.99122608 1.033423755 0.944482672 1.225309282 
23-Jun-95 105.4 23 2.347826087 1.16435286 1.39093511 0.98227123 1.025305865 0.934498451 1.220108088 

·24-Jun-95 106 24 2.291666667 1.14612804 1.38021124 0.95424251 1 0.903089987 1.204119983 
25-Jun-95 107 25 2.24 1.11394335 1.36172784 0.90308999 0.954242509 0.84509804 1.176091259 
26-Jun-95 106.3 26 2.192307692 1.13672057 1.37474835 0.93951925 0.986771734 0.886490725 1.195899652 
27-Jun-95 106.5 27 2.148148148 1.13033377 1.37106786 0.92941893 0.977723605 0.875061263 1.190331698 
28-Jun-95 106.8 28 2.107142857 1.12057393 1.36548798 0.91381385 0.963787827 0.857332496 1.181843588 
29-Jun-95 106.9 29 2.068965517 1.1172713 1.36361198 0.90848502 0.959041392 0.851258349 1.178976947 
30-Jun-95 107.1 30 2.033333333 1.11058971 1.35983548 0.89762709 0.949390007 0.838849091 1.173186268 

1-Jul-95 107.5 31 2 1.09691001 1.35218252 0.87506126 0.929418926 0.812913357 1.161368002 
2-Jul-95 107.8 32 1.96875 1.08635983 1.37474835 0.93951925 0.986771734 0.886490725 1, 195899652 
3-Jul-95 108 33 1.939393939 1.07918125 1.37106786 0.92941893 0.977723605 0.875061263 1.190331698 
4-Jul-95 108.1 34 1.911764706 1.07554696 1.36548798 0.91381385 0.963787827 0.857332496 1.181843588 
5-Jul-95 108.2 35 1.885714286 1.07188201 1.36361198 0.90848502 . 0.959041392 0.851258349 1.178976947 
6-Jul-95 108.3 36 1.861111111 1.06818586 1.35983548 0.89762709 0.949390007 0.838849091 1.173186268 
7-Jul-95 108.5 37 1.837837838 1.06069784 1.35218252 0.87506126 0.929418926 0.812913357 1.161368002 
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OCCC «-0«M 4 

6*9 STATE OF COLORAOO

OIL AND GAS CONSERVATION COMMISSION
DEPARTMENT OF NATURAL RESOURCES

t

SUBMIT ORIGINAL AND 1 COPY 1 tor office use only
Jjjj \Sli jv£j jiU

SUNDRY NOTICES AND REPORTS ON WELLS
(Do noi use this form for proposals 10 drill or to deepen or plug back 10 a different reservoir.
Use “APPLICATION FOR PERMIT —" for such proposals.)

* FEDERAL INDIAN or state LLaSE no

__ OIL _ CaS ,—, COALBED __ INJECTION ^ ^
LI well L) well U methane LJ well ESJ othek Gas Storage

fr PERMIT no

93-1153
: .same of operaior

Public Service Company of Colorado
1 API NO

050596018
1 aODRESS OF OPERATOR

1225 17th St..-Suite 1100
1 WELLNam£

CITY STATE ZIPCOOE

Denver, CO 80202
9 WELL number

Leyden #31
4 LOCATION OF WELL (Repon location ciea/ly «n4 *«oro«ncc *«> Sm«c rcquirrrrwfut

Set ip«ct 11 be to* |
ai »wr1*c<

971' FSL, 1182 FEL, S22
ai ptopoveO p*od tone

Same

10 FIELD OR WILDCAT

Leyden Gas Storaqe
12 COUNTY

Jefferson

It QR QTR. SEC.. T.R. AND WERJDIAN

SESE, S22, T25, R70W
6th P.M.

Check Appropriate Box To Indicate Nature of Notice. Report or Notification

13a.

o

a

□
a

o
o

NOTICE OF INTENTION TO: 13B. SUBSEQUENT REPORT OF: 13C. NOTIFICATION OF: -

plug *so abandon

MULTIPLE COMPLETION 

COMMINGLE ZONES 

FRaCTURE TREAT

. Q FINAL PLUG and ABANDONMENT*
(SUBMIT 3RD PARTY CEMENT VERIFICATION 
aNO JOB LOCI

□ ABANDONED LOCATION (WELL NEVER DRILLED- 
SITE MUST BE RESTORED WITHIN 6 MONTHS)

O SHUT-IN. TEMPORARILY ABANDONED

(datei 
(REQUIRED EVERY b MONTHS)

□ PRODUCTION RESUMED

REPAIR well o repaired well (DATE I
OTHER O OTHER

• Ute Form 5 • **Wt o* kreompirtion A/pon Lot
for mbtrpoo*i rrpori of HoiiifiiffCommmfied Ccrupirttonj 

Rrenmptruoai

O LOCATION CHANGE (SUBMIT VEw PlaTj 

O WELL NAME CHANGE

)fcX OTHER Additional data to correct 
_______Completion Report_____

l* DESCRIBE PROPOSED OR COMPLETED OPERATIONS ON THIS FORM (Clearly slate all pertinent details, and give pertinent dates, including 

estimated date of starting any proposed <*.ork. If well is directionally drilled, give subsurface locations and measured and true vertical depths lor all markers and 

tones pertinent

15: DATE OF WORK
Since the Completion Report was filed in November 1993, additional gas composition analysis 
data has been acquired and compared with our Leyden Storage gas. From this new information 
we conclude that the gas found in #31 is not migrated storage gas and that the Completion 
Report is in error on that subject. Copies of those gas analysis are included.

Also at the request of the OGCC we have provided a historical summary of our reported 
Lost & Unaccounted for Gas from Leyden Storage.

16. I hereby certify that the foregrj;

SIGNED

name (print) Bill Uding

telephone NO 294-8307 

titif Lead Reservoir. Engineer nATF 11/7/95

(This space (or Federal or State office use)

APPROVED.TITLE_________________________________________________ D
CONDITIONS OF APPROVAL. IF ANY:

pSC 039775

.. 
OCCC ,-0,,M • 
...,. a,e9 

STATE OF COLORADO 

OIL AND GAS CONSERVATION COMMISSION 
DEPARTMENT. OF NATURAL RESOURCES 

SUBMIT ORIGIN .... L AND I corv 

SUNDRY NOTICES AND REPORTS ON WELLS 
( Do no, use 1h1s form for proposals to drill or 10 deepen or plug b.lcl< 10 .i diffcrcn1 ri:servoir. 

Use .. APPLICATION FOR PERMIT-- lor such propos.als.l 
I 

D 
OIL 

D 
GAS 

D 
COALBEO 

D 
INJECTIOS 

[I Gas WELL "-"ELL ME !HAS[ WELL OTHEK 

, ,-,_ME OF OPEllAIOI\ 

Public Servi.ce Comoany of Colorado 
l AOORESS OF OP[R4TOR 

1225 17th St .·S11itP 1100 
CIT\" STAFE ZIP CODE 

Denver, co 80202 
4 LOC A. TIOS OF we LL (liltpon locas.on Cle.at I~· .S.ncl U\ AC("Of'Cl.aftCT ..... &") S.u•c ,cqw1rnn.tNI 

S,a &M \p.K°t I J bdo• t 
Al lwr1.C.C: 

971 1 FSL, 1182 FEL, S22 11 coui;TY 
Al pfOPG1,,CC ptod lont 

Storage 

Same Jefferson 

~ 
roA. OFFICE USt OS\..,. 

~ ~ ~ 
\ HUER.~l 1so1 .... OR sr ... TE Ll"-SE "0 

ti- PlR. MH :-::O 

93-1153 
l .-.Pf SO 

050596018 
I tit.'E.LL :"1:~Mf 

• "-"Ell !<UM Bl• 

Leyden #31 
10 FIELD OR WILDC4l 

Leyden Gas Storaqe 
11 QTR. QTR. SEC.. T.R. ANO MERJDIAl'I 

SES-E, S22, T2.S, R70W 
6th P.M. 

Check Appropriate Box To lndica1_e Nature o( Notice. RepM1 or Notification 

DA. NOTIC.E OF INTENTIOl'i TO: 
0 P'LUC ASO ~8"-SOO:-< 

0 MULTIPLE COMPLETIOS 

0 COMMISGLE ZONES 

0 FRACTURE TREAT 

0 REPAIR "'ELL 
0 OTHER __________ _ 

13B. SUBSEQUENT REPORT OF: 
. 0 FISAI. !'I.UC _..so ABASDOt,;MESl· 

(SUBMIT JRO PARTY CEMEST VERIFICATIO'." 
AND JOII LOGI 

0 ABA1'00SED LOCATION/WELL i;EVER DRILLED· 
SITE Ml:ST BE RESTORED WfTHI'- 6 MOSTHSI 

0 REPAIRED u.·ELL 

0 OTHER 

DC. NOTIFICATION OF: -
· 0 SHUT,IS. TE!-tPOR4RILY .r,.84SOOSEO 

!DATE ------1 
(REQUIRED £\'ER Yo MOSTHS1 

0 PROOUCTIOS llESL'MEO 
/DArE _____ _ 

0 LOCATIO:,; CHASCE 1SUBMIT SEW PLA T1 

0 WEU Pl,AME CHi,SGE 

I 

I 

• u., Forw1 J • M",t/ COMPlffio#t o, lt.,ro-cplrtio-. Arp,o#t ~ ~C 

,, .,,;,.....,..,.., ,~, of /lrlwhipll/COM•u1,p,d co,,,.,,JruotU 
.,.. Attn,,4pll'f'°4t 

>tK oTHER Additi ona 1 data to correct 
Completion Re ort 

I~. DESCRIBE PROPOSED OR COMPLETED OPERATIONS 0~' THIS FORM (Clc.arly st.ate .all peninc:nt details. and give pc:runc:ni dates. including 
ernma!ed date of st.aning any proposed .. ·ork. If v.~ll is directionally drilled. give subsurface locations and measured .and true vcrucal depths for all markers .and 
lone,; pcruncnt 

15, DATE OF WORK _________________ _ 

16. 

Since the Completion Report was filed in November 1993, additional gas composition analysis 
data has been acquired and compared with our Leyden Storage gas. From this new information 
we conclude that the gas found in #31 is not migrated storage gas and that the completion 
Report is in error on that subject. Copies of those gas analysis are included. 

Also at the request of the OGCC we have provided a historical summary of our reported 
Lost & Unaccounted for Gas from Leyden Storage. 

TELEPHONE NO. _.;;c2~9...;.4_-.aa.8.a..3.a..Q.:...7_· __ 

NAME CPRir-:n __ B_i_l_l_U_d_i_n..._g ____ -:---:,_ nTLE Lead Reservoir. Engineer DATE_-C.l.;...l..:.../_7/:....9;;...;5;__ __ 

(This space for Federal or State off,ce ..sc) 

APPROVED 
________________ TITLE ______________ _ 

D 
CONDITIONS OF APPROVAL. IF A':-Y: 

Psc 039775 
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Location: Inlet Inlet Inlet Inlet? Inlet Inlet? **

Date: 30-0ct-95 It It It It It II It IIIIIIIIIIIIII IIIIIIIIIIIIII I5-Jan-91 21 -Oct-91 Average
COMPONENT Mol %* Mol %* Mol %* Mol % Mol % Mol % Mol %
Carbon Dioxide 1.879 1.819 2.369 2.558 2.33 2.30 9.390

Oxygen 0.000 0.000 0.000 2.061 1.50 1.83 /.:9s
Nitrogen 5.914 6.585 8.580 7.809 6.56 7.27 7.2/3
Methane 86.310 84.940 80.477 75.818 80.64 78.09 70.755

Ethane 5.192 5.495 7.439 9.843 7.60 8.94 8.456
Propane 0.528 0.845 0.952 1.508 1.06 1.26 /. 194
i-Bulane 0.055 0.100 0.065 0.129 0.11 0.11 0.103

n-Butane 0.060 0.119 0.085 0.186 0.13 0.13 8/33
i-Pentarie 0.020 0.035 0.013 0.033 0.03 0.03 0.02.7

n-Pentane 0.014 0.024 0.010 0.024 0.02 0.02 0.0/9
Hexanes Plus 0.028 0.038 0.010 0.031 0.02 0.02 0.020

TOTAL: 100.000 100.000 100.000 100.000 100.00 100.00 XX

Outlet Outlet Outlet Outlet? «h*

It It It It It It II llllllllllllll 11-Mar-91 24-Apr-91 Average

Mol % Mol % Mol % Mol % Mol %
3.024 2.939 2.85 3.56 3.093
0.000 0.128 0.25 0.16 0. Z79
6.251 7.246 7.09 7.22 7/0/

82.261 80.296 79.75 78.69 00.2/9
7.272 7.681 8.32 8.63 7.975
0.959 1.357 1.37 1.38 1260
0.092 0.127 0.14 0.13 0.123
0.088 0.157 0.15 0.14 0/3/
0.028 0.032 0.04 010 0.0/9
0.011 0.018 0.02 0.00 0.0/2
0.014 0.019 0.02 0.00 0.0/3

100.000 100.000 100.00 100.00 XX

* Niliogen and oxygen combined. "Averages exclude 1995 samples. "02 and N2 averages exclude 1995 samples.

COMPONENT % of Total Hydrocarbon Content % of Total Hydrocarbon Content
Methane 93.60% 92.73% 90.37% 86.58% 89.99% 88.14% rlilOO. •' / /i» 90.67% 89.53% 88.80% 68.34% 09.3/7/

Ethane 5.63% 6.00% 8.35% 11.24% 8.48% 10.09% 9.5/7/ 8.02% 8.56% 9.26% 9.68% 0.007/
Propone 0.57% 0.92% 1.07% 1.72% 1.18% 1.42% 1357/ 1.06% 1.51% 1.53% 1.55% 1./Z7Z
i-Butane 0.06% 0.11 % 0.07% 0.15% 0.12% 0.12% 0/27/ 0.10% 0.14% 0.16% 0.15% 0.J/3Z

n-Butane 0.07% 0.13% 0.10% 0.21 % 0.15% 0.15% 0/57/ 0.10% 0.1 S% 0.17% 0.16% 0/57/
i-Pentane 0.02% 0.04% 0.01% 0.04% 0.03% 0.04% 0.037/ 0.03% 0.04% 0.04% 0.11% 0.057/

n-Pentane 0.02% 0.03% 0.01% 0.03% 0.02% 0.03% 0.027/ 0.01% 0.02% 0.02% 0.00% 0.0/7/
Hexanes Plus 0.03% 0.04% 0.01% 0.04% 0.02% 0.02% 0.027/ 0.02% 0.02% 0.02% 0.00% 0.0/7/

TOTAL 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% fiMMf 100.00% 100.00% 100.00% 100.00%

Rosemarie A Ha/cfiuk
l-No\s-95

.,, 
(f) 

n 
0 
w 
\D 
-..J 
-..J 
0) 

Location: Inlet Inlet Inlet Inlet? Inlet Inlet? ,.. 
Date: 30-0ct-g5 11111111111111 11111111111111 11111111111111 'I 5-Jan-91 21-0ct-9'1 Average 

COMPONENT Mal%* Mal%* Mal%• Mal% Mal% Mal% Mal% 
Carbon Dioxide 1.879 1 .0·19 2.3G9 2.558 2.33 2.30 .?S.!l[I 

Oxygen 0.000 0.000 0.000 2.0G1 1.50 1.83 1./9,7 
Nitrogen 5.914 6.585 8.580 7.809 6.56 7.27 ,·":.?!.} 
Methane 86.310 84.940 80.477 75.818 80.G4 78.09 ,.:~.,~ ,.7..t;5 

Ethone 5.192 5.495 7.439 9.8'13 7.60 8.94 b~ 4...'il., 
Propene 0.528 0.845 0.952 '1,508 1.0G 1.26 I. l!l-1 
i-Butm1e 0.055 0.100 0.065 (l.129 0.11 0.11 1.l./1.lJ 

n-Butone 0.060 0.'1'19 0.085 0.186 0.13 0.13 lU.r..? 
i-Pentone 0.020 0.035 0.0·13 0.033 0.03 0.03 a1.12,::· 

n-Pentone O.Dl4 0.024 0.010 0.Q2ll 0.02 0.02 lWl!l 
Hexones Plus 0.028 0.038 0.0·10 0.031 0.02 0.02 1.l.l.l.?ll 

TOTAL: 100.000 100.000 100.000 100.000 100.00 100.00 ,\X 

• Nitiogen and oxygen combined. ""'Averages e:,clude 1995 samples. 

COMPONENT % of Total l·lydrocarbon Content 
Methone 93.60% 92.73% 90.37% 86.58% 89.99% 88.14% b"t.C,~ •• ~.?)~:" 

Ethane 5.63% 6.00% 8.35% 11.24% 8.48% 10.09% .'7.54Y-.:: 
Propone 0.57% 0.92% 1.07% 1.72% 1.18% 1.42% l ... 75J..-: 
i-Butene 0.06% 0.11 % 0.07% 0.15% 0.12% 0.12% ll./,?:,.;' 

n-Butane 0.07% 0.13% 0.10% 0.21% 0.15% 0.15% ll./5% 
i-Pentene 0.02% 0.04% 0.01% 0.04% 0.03% 0.04% O.OJ% 

n-Pentane 0.02% 0.03% 0.01% 0.03% 0.02% 0.03% 0.{72.St 
Hexenes Plus 0.03% 0.04% 0.01% 0.04% 0.02% 0.02% 0.ll.?% 

TOTAL: 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% ,f ,f ,f ,f,f ,f 

Outlet Outlet Outlet Outlet? .. 
II II 111111 1111 11111111111111 ll-Mar-91 24-Apr-91 Average 

Mal% Mal% Mal% Mal% Mal% 
3.024 2.939 2.85 3.56 .ll79..? 
0.000 0.128 0.25 0.16 a T)'.!7 
6.251 7.246 7.09 ., ?? 

I .Lt.. .-:lbV 
82.261 80.296 79.75 78.69 Sll..?4!7 
7.272 7.681 8.32 8.63 ..:.!l,75 
0.959 1.357 '1.37 1.38 l . .?{il.i' 
0.092 0.127 O.H 0.'13 tl. l.?,.'i' 
0.088 0.'I 57 0.15 0.1-1 ll.lS-1 
0.028 0.032 0.04 0 'IQ ll.l71J7 
0.01 ·1 0.018 0.02 0.00 ll.ll/2 
0.014 0.019 0.02 0.00 tWU 

100.000 100.000 100.00 100.00 X\' 

-02 and N2 averages exclude 1995 samples. 

% of Tatel Hydrocarbon Content 
90.67% 89.53% 88.80¾ 
8.02% 8.56% 9.26% 
1.06% 1.51 % 1.53% 
0.1 0'}~ 0.14% 0.16% 
0.10% 0.18% 0.17% 
0.03% 0.04% 0.04% 
0.01 ~~ 0.02% 0.02% 
0.02% 0.02% 0.02% 

100.00% 100.00% 100.00% 

88.34% L~"_!l,j-,./)~ 

9.68% b~ ,..'i'b.,% 
1.55% 1.-11% 
0.15% ll.l41l 
0.16% ll.151{. 
0.11% 0.ll5J.'(. 
0.00% 0.01>:-: 
0.00% 0.0/Jt 

100.00% ,f,f,f,f,f,f 

Rose111[11ieA H,:,ldlllk 
I-No1.•'-!l5 

' . 
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Well #31 Well #31 Well #31
300ct-95 18-Oct-93 20-Oct-93 Aveiagc
Mol %* Mol % Mol % Mol %
0.081 1.228 1.224 0.844
0.000 0.076 0.084 0.053

13.524 14.411 14.414 74.170
79.001 76.974 76.957 53.044
5.089 4.942 4.948 4.003
1.811 1.841 1.842 7.837
0.169 0.178 0.178 0.7/5
0.250 0.257 0.258 0.355.
0.040 0.040 0.040 0.040
0.026 0.027 0.027 003/
0.009 0.027 0.028 0.037

100.000 100.000 100.000 700.000

Location: Valve 27 Well #21 Well #16 Well #16 Well #25 Well #8 Well #16 *3fc

Date: ttttttttttMt mimtmttt 15-Jan-91 11 -Mai-91 15-Oct-91 15-Oct-91 Aveiage

COMPONENT Mol %* Mol % Mol % Mol % Mol % Mol % Mol % Mol %
Carbon Dioxide 0.040 2.388 2.059 2.84 4.83 3.31 2.06 3.015

Oxygen 0.000 0.092 0.190 0.04 0.33 0.54 0.10 0.315
Nitrogen 86.257 7.476 7.789 6.53 8.00 7.60 7.68 Z.5J3
Methane 12.647 80.833 79.500 81.66 77.45 76.71 81.02 Z3.538

Ethane 0.789 7.751 8.890 7.53 7.86 9.81 7.70 0.350
Propane 0.184 1.201 1.305 1.09 1.23 1.62 1.19 1.3/1
i'Butane 0.016 0.120 0.126 0.11 0.13 0.15 0.11 0.134

n-Butane 0.021 0.084 0.089 0.13 0.11 0.18 0.10 0.115
i-Pentone 0.020 0.035. 0.035 0.03 0.04 0.05 0.03 0.030
n-Pentane 0.013 0.006 0.000 0.02 0.01 0.03 0.01 0.013

Hexanes Plus 0.013 0.015 0.017 0.02 0.01 0.01 0.01 0.014
TOTAL 100.000 100.000 100.000 100.00 100.00 100.00 100.00 100.000

* Nitrogen and oxygen combined. '“Average excludes Valve 27.

COMPONENT % of Total Hydrocarbon Content % of Total Hydrocarbon Content
Methane 92.29% 89.77% 88.37% 90.14% 89.19% 86.63% 89.86% 00.00/4 91.44% 91.33% 91.31% 01.30%

Ethane 5.76% 8.61 % 9.88% 8.31% 9.05% 11.08% 8:54% 0.34% 5.89% 5.86% 5.87% 5.0/%
Propane 1.34% 1.33% 1.45% 1.20% 1.42% 1.82% 1.31 % 1.43% 2.10% 2.18% 2.19% 3.10%
i'Butane 0.12% 0.13% 0.1 4% 0.12% 0.15% 0.17% 0.12% 0.14% 0.20% 0.21% 0.21 % 0.31%

n-Butane 0.15% 0.09% 0.10% •0.14% 0.13% 0.20% 0.12% 0.13% 0.29% 0.30% 0.31 % 0.30%
i-Pentane 0.15% 0.04% 0.04% 0.03% 0.05% 0.05% 0.0,4% 0.04% 0.05% 0.05% 0.05% 0.05%

n-Pentene 0.09% 0.01% 0.00% 0.02% 0.01% 0.04% 0.01 % 0.01% 0.03% 0.03% 0.03% 0.03%
Hexanes Plus 0.09% 0.02% 0.02% 0.02% 0.01% 0.01% 0.01% 0.03% 0.01% 0.03% 0.03% 0.03%

TOTAL: 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% ////// 100.00% 100.00% 100.00% zmw

Rosemarie A Ha/chuk
7-Nov-05
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Locotion: IVolve 27 Well 121 Well 116 Well #16 Well #25 WelllB 
Date: UUtttttttHI tl\llllllllHI UUltltltllll 15.Jan-91 11-Mm-91 15-Ocl-91 

COMPONENT Mal%* Mot% Mot% Mal% Mot% Mal% 
Carbon Dioxide 0.040 2.388 2.059 2.84 4.83 3.31 

Oxygen 0.000 0.092 0.190 0.04 0.33 0.54 
Nitrogen 86.257 7 . .:176 7.789 6.53 8.00 7.60 
Methane 12.647 80.833 79.500 81.66 77.45 76.71 

Eth1:1ne 0.789 7.751 8.890 7.53 7.86 9.81 
Propane 0.184 1 .201 1.305 1.09 1.23 1.62 
i-Butane 0.016 0.120 0.126 0.11 0.13 0.15 

n-Butane 0.021 0.084 0.089 0.13 0.11 0.18 
i-Pentene 0.020 0.035. 0.035 0.03 0.04 0.05 
n-Pentane 0.013 0.006 0.000 0.02 0.01 0.03 

Hexanes Plus 0.013 0.015 0.017 0.02 0.0, 0.01 
TOTAL 100.000 100.000 100.000 100.00 100.00 100.00 

" 1,Jitrogen and o:,ygen combined. 

l,"CJMPONENT % of Total Hydrocarbon Content 
Metlmne 92.29% 89.77% 88.37% 90.14% 89.19% 86.63% 

Ethane 5.76% 8.6.1% 9.88~~ 8.31% 9.05% 11.08% 
Propane 1.34% 1.33% 1.45% 1.20% 1.42% 1.82% 
i-Butene 0.12% 0.13~~ 0.14% 0.12% 0.15% 0.17% 

n-Butane 0.15~:; 0.09% 0.1 o~~ •0.14% 0.13% 0.20% 
i-Pentene 0.15% 0.04% 0.04¼ 0.03% 0.0S'X, 0.05% 

n-Pentane 0.09% 0.01% 0.00% 0.02% 0.01% 0.04% 
I-lexemes Plus 0.09% 0.02% 0.02% 0.02% 0.01% 0.01% 

TOTAL: ·100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 

Well #16 
15-Oc\-91 
Mal% 

2.06 
0.10 
7.68 

81.02 
7.70 
1.19 
Q,.11 
0.10 
0.03 
0.01 
0.01 

100.00 

89.86% 
8:54% 
1.31 % 
0.12% 
0.12% 
0.0,4% 
0.01% 
0.01% 

100.00% 

- Well 131 Well 131 Well 131 
Avmage 30-Oct-95 "18-Oct-93 20-Ocl-93 Aveiage 

Mal% Mal%* Mal% Mal% Mal% 
,?!715 0.081 1.228 1.224 ll.b'# 
tl.?15 0.000 0.076 0.084 /.l.{75] 
/'.5l.? 13.524 "14.411 14.'114 11. lll.i 

)Y5.?b7 79.001 76.974 76.957 .. -::-::{i4-t 
H.::::'SI., 5.089 4.942 4.948 4.!1!7] 

/..?/'/ 1.811 1.841 1.842 . I.S . .:i'I 
tl.l.?4 0.169 0.178 0.178 a li'..'1 
I.UIS 0.250 0.257 0.258 1.7..? .. ',__lj. 

ll.l]]li 0.040 0.040 0.040 l.7.{741) 

I.WI.? 0.026 0.027 0.027 {1{1.?,.7 

lW/4 0.009 0.027 0.028 1.7.1.7.?I 
/{7/.l.lll.lLl 100.000 100.000 100.000 ltllWt.71.7 

,.,. Average excludes Valve 27. 

% of Total Hydrocarbon Content 
Sb~!l .. <l;i,; 91.44% 91.33% 
!l.?4.!~~-; 5.89% 5.86¼ 
I. 4.?-~;~· 2.10% 2.18% 
1.1.1.-:/..~;~· 0.20% 0.21¼ 
1.7. 1-7-~l: 0.29¼ 0.30% 
1.7.{7.f.!°:: 0.05% 0.05% 
Ll.Llnl: 0.03~~ 0.03¼ 
{l. 1.1.?-*. 0.01% 0.03% 
,f ,f ,f ,f ,f ,f 100.00% 100.00% 

91.31 % !l/.]{,% 
5.87% ... 'i.b~?~~: 
2.19'X, .? /(1 .. t;' 
0.2'1% Ll.f.,/.,1;--

0.31% t.U't.lJ.'(.' 

0.05% 1.l.1.7 .. '1% 
0.03~~ ll.1.l];Y, 
0.03~~ ll.{l];Y, 

·100.00% ,f ,f ,f ,f,f,f 

Rosem.:11ie A. Heilclluk 
I-Noi•'-!15 
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SUMMARY - AVERAGE VALUES

Location: Inlet Outlet Wells Well #31
COMPONENT Mol %* Mol %m Mol %* Mol %

Carbon Dioxide 2.390 3.093 2.915 0.844
Oxygen 1.797 0.179 .0.215 0.053

Nitrogen 7.213 7.184 7.512 14.116
Methane 78.755 80.249 79.528 77.644

Ethane 8.456 7.975 8.256 4.993
Propane 1.194 1.268 1.271 1.831
i-Butene 0.103 0.123 0.124 0.175

n-Butane 0.133 0.134 0.115 0.255
i-Pentane 0.027 0.049 0.036 0.040

n-Pentane 0.019 0.012 0.012 0.027
Hexanes Plus 0.020 0.013 0.014 0.021

TOTAL: XX XX 100.000 100.000

* Nitrogen and oxygen combined.

COMPONENT % of Total Hydrocarbon Content
Methane 83.77% 89.34% 88.99% 91.36%

Ethane 9.54% 8.88% '9.24% 5.87%
Propane 1.35% 1.41% 1.42% 2.16%
i-Butane 0.12% 0.14% 0.14% 0.21%

n-Butane 0.15% 0.15% 0.13% 0.30%
i-Pentane 0.03% 0.05% 0.04% 0.05%

n-Pentane 0.02% 0.01 % ' 0.01 % 0.03%
Hexanes Plus 0.02% 0.01% 0.02% 0.03%

TOTAL: 100.00% 100.00% 100.00% 100.00%

Rosemarie A Ha/chuk
1-No\-*-95
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SUMMARY -AVERAGE VALUES 

Location: Inlet Outlet Wells Well 131 
COMPONENT Mal%* Mal%* Mal%* Mal% 

Carbon Dioxide 2.390 3.093 2.915 0.844 
Oxygen 1.797 0.179 .0.215 0.053 

Nitrogen 7.213 7.18'-I 7.512 14.116 
Methane 78.755 80.249 79.528 77.644 

Ethene 8.456 7.975 8.256 4.993 
Propane 1.194 1.268 1.271 1.E:31 
i-Butene 0.103 0.123 0.124 0.175 

n-Butene 0.133 0.134 0.115 0.255 
i-Pentene 0.027 0.049 0.036 0.040 

n-Pentene 0.019 0.012 0.012 0.027 
Hexenes Plus 0.020 0.013 0.014 0.021 

TOTAL: xx xx 100.000 100.000 

"' Nitrogen and oxygen cornbinecl. 

COMPONENT % of Tote.I Hydrocarbon Content 
Methane 83.77% 89.34% BB.S:3% 91.36% 

Ethane 9.54~~ 8.88% '9.24% 5.87% 
Propane 1.35% 1.41% 1.42% 2.16% 
i-Butone 0.12% 0.14% 0.14% 0.21% 

n-Butene 0.15% 0.15% 0.13% 0.30~~ 
i-Pentene 0.03% 0.05% 0,04% 0.05% 

n-Pentane 0.02% 0.01% 0.01% 0.03% 
Hexanes Plus 0.02% 0.01% 0.02% 0.03% 

TOTAL: 100.00% 100.00% 100.00% 100.00% 

Rosema1ie .4 Ha/c/l{lk 
1-No,.-~!7_1, 



Presented below is a table listing the annual volume activity for Leyden Gas Storage Facility and 
the estimated Lost and Unaccounted for Gas Volumes. The L & U gas was not calculated 
annually during the early years of operation. Some of the larger write offs are corrections for 
losses over the several preceding years and do not represent a lost volume for that single year. 
The components that contribute to the L&U figures includes metering error, gas lost during 
workover operations, gathering system pigging and seasonal blow-down, separator fuel and 
operation, and gas dissolved in produced water.

Leyden Historical Activity
Year injection Withdrawal Reported L& U
1963 1,221,265 466,096
1964 2,555,422 2,367,484
1965 4,240,333 3,965,501 150,000
1966 2,793,165 2,904,758
1967 2,492,612 2,874,759
1968 2,513,328 2,345,001
1969 3,372,195 2,886,755
1970 2,371,900 1,951,494
1971 1,225,805 1,088,610 345,000
1972 2,441,378 2,570,220
1973' 1,997,856 1,772,579 122,880
1974 2,526,165 2,446,193 106|043
1975 3,178,862 3,051,850 98,577
1976 2,706,279 2,707,792 19,667
1977 3,063,997 2,865,967 132,568
1978 3,299,630 3,763,276 130,404
1979 3,942,511 3,246,330 130,404
1980 915,289 818,041 155,530
1981 1,870,500 1,685,936 66,616
1982 2,250,854 2,250,777 131,089
1983 2,178,244 2,306,530
1984 1,271,501 898,303 -50,000
1985 98,561 874,220
1986 1,357,006 1,209,532 58,400
1987 625,041 461,790
1988 1,629,912 1,936,261 22,000
1989 2,121,220 1,862,546
1990 2,290,520 1,224,707 570,000
1991 . 1,955,867 1,692,580 170,000
1992 1,444,380 1,349,765 120,000
1993 1,838,660 1,948,287 90,000
1994 1,594,069 1,791,113 85,000

Totals 69,384,327 65,585,053 2,654,178

Total L&U / Total Injections = .03825
(All volumes in 14.65 Psia)

PSC 039779

' . 
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Presented below is a table listing the annual volume activity for Leyden Gas Storage Facility and 
the estimated Lost and Unaccounted for Gas Volumes. The L & U gas was not calculated 
annually during the early years of operation. Some of the larger write offs are corrections for 
losses over the several preceding years and do not represent a lost volume for that single year. 
The components that contribute to the L&U figures includes metering error, gas lost during 
workover operations, gathering system pigging and seasonal blow-down, separator fuel and 
operation, and gas dissolved in produced water. 

Leyden Historical Activity 
Year injection Withdrawal Reported L& U 
1963 1,221,265 466,096 
1964 2,555,422 2,367,484 
1965 4,240,333 3,965,501 150,000 
1966 2,793,165 2,904,758 
1967 2,492,612 2,874,759 
1968 2,513,328 2,345,001 
1969 3,372,195 2,886,755 
1970 2,371,900 1,951,494 
1971 1,225,805 1,088,610 345,000 
1972 2,441,378 2,570,220 
1973· 1,997;856 1,772,579 122,880 
1974 2,526,165 '2,446,193 106;043 
1975 3,178,862 3,051,850 98,577 
1976 2,706,279 2,707,792 19,667 
1977 3,063,997 2,865,967 132,568 
1978 3,299,630 3,763,276 130,404 
1979 3,942,511 3,246,330 130,404 
1980 915,289 818,041 155,530 
1981 1,870,500 1,685,936 66,616 
1982 2,250,854 2,250,777 131,089 
1983 2,178,244 2,306,530 
1984 1,271,501 898,303 -50,000 
1985 98,561 874,220 
1986 1,357,006 1,209,532 58,400 
1987 625,041 461,790 
1988 1,629,912 1,936,261 22,000 
1989 2,121,220 1,862,546 
1990 2,290,520 1,224,707 570,000 
1991 1,955,867 1,692,580 170,000 
1992 1,444,380 1,349,765 120,000 
1993 1,838,660 1,948,287 90,000 
1994 1,594,069 1,791,113 85,000 

Totals 69,384,327 65,585,053 2,654,178 

Total L&U / Total Injections= .03825 
(All volumes in 14.65 Psia) 

PSC 039779 



YDEN L&U REPORT 
August 13,1999

Summary

No recent L&U calculations have been made at Leyden since July 1995. The 
following calculations covers July 1995 through July 1999 (4years).

Calculations indicate 0.402 BCF (@ 14.65 psi) less gas in storage than is being 
carried on the books. Therefore, an L&U adjustment of 402,200 MCF (@ 14.65 
psi) should be applied to the book volume by subtracting same from the book 
volume.

Four methods were used to evaluate the L&U gas as outlined below. The four 
methods were averaged to come up with the L&U figure.

Current period’s L&U, MCF (@14.65 psi) Method

397,848
212,560
400,000
598,528

1 (Muskat Plot)
2 (Vo! in - Vol out)
3 (History)
4 (Horner Plot)

Method 1

Established an acceptable quiet period in between injection and withdrawal at 
the Leyden storage cavern. Performed an analysis of the Muskat plot of the 
pressure build-up data obtained from June 28, 1999 through July 21, 1999. The 
analysis indicated a stabilized cavern pressure of 1.02psig. Obtained the 
theoretical volume of gas in the cavern by applying the stabilized P/V relationship 
of 11.6 MMCF/psig which still represents the current operating condition at 
Leyden. The L&U was obtained by establishing the difference between the book 
volume and the theoretical volume. Based on the data analyzed, it shows that 
theoretical volume was 397,848 mcf less than book volume.

Summary 
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~U REPORT 
_,,,, August13,1999 

No recent L&U calculations have been made at Leyden since July 1995. The 
following calculations covers July 1995 through July 1999 (4years). 

Calculations indicate 0.402 BCF (@ 14.65 psi) less gas in storage than is being 
carried on the books. Therefore, an L&U adjustment of 402,200 MCF (@ 14.65 
psi) should be applied to the book volume by subtracting same from the book 
volume. 

Four methods were used to evaluate the L&U gas as outlined below. The four 
methods were averaged to come up with the L&U figure. 

Current period's· L&U, MCF (@14. 65 psY) 

Method 1 

397,848 
212,560 
400,000 
598,528 

1 
2 
3 
4 

Method -

(Muskat Plot) 
(Vol in - Vol out) 
(History) 
(Horner Plot) 

Established an acceptable quiet period in between injection and withdrawal at 
the Leyden storage cavern. Performed an analysis of the Muskat plot of the 
pressure build-up data obtained from June 28, 1999 through July 21, 1999. The 
analysis indicated a stabilized cavern pressure· of 1.02psig. Obtained the 
theoretical volume of gas in the cavern by applying the stabilized P/V relationship 
of 11.6 MMCF/psig which still represents the current operating condition at 
Leyden. The L&U was obtained by establishing the difference between the book 
volume and the theoretical volume. Based on the data analyzed, it shows that 
theoretical volume was 397,848 met less than book volume. 



I

Method 2

This method compared the book volume in 1995 to the book volume in 1999. 
The method also assumes the stabilized P/V relationship of 11.6 MMCF/psig to 
equate the two year end volumes to the same pressure.

Method 3

This is based on the historic trends. Documentation can be found in the 1/3/91 
Leyden L&U report.

Method 4

This method uses the Horner Plot Analysis of the pressure build up data. The 
stabilized pressure from the plot was 84.7 psig. The stabilized P/V relationship of 
11.6 MMCF/psig was also applied to the stabilized pressure to obtain the L&U.

Nat Olowu 
Reservoir Engineer 
PSCo (Natural Gas Group) 
August 13,1999

Method 2 

This method compared the book volume in 1995 to the book volume in 1999. 
The method also assumes the stabilized P/V relationship of 11.6 MMCF/psig to 
equate the two year end volumes to the same pressure. 

Method 3 

This is based on the historic trends. Documentation can be found in the 1/3/91 
Leyden L&U report. 

Method 4 

This method uses the Horner Plot Analysis of the pressure build up data. The 
stabilized pressure from the plot was 84.7 psig. The stabilized P/V relationship of 
11.6 MMCF/psig was also applied to the stabilized pressure to obtain the L&U. 

Nat Olowu 
l3eservoir Engineer 
PSCo (Natural Gas Group) 
August 13, 1999 
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BORDER PLOT DATA KUSKAT PLOT DATA

Pressure. t- pva pvs pvs
uate PSIQ 24 Dt (t‘Dt)/0t 68 8 f 5̂ 90 1O?(PW0*P) 92 loglpvs-p) 94 lOg(pvB-p)

20-Jun-99 85 0 0.477121255 0.690970004 0.04509804 0.954242509
29-Jun-99 85.1 1 25 0.462397998 0.69019600 0.838849091 0.949390007
30-Jim-99 05.3 2 13 0.431363764 0.672097850 0.826074003 0.939519253

1-Jul-99 85.4 3 9 0.414973.348 0.662707032 0.619543936 0.93449045)
2-Jul-99 05.7 4 7 0.361727836 0.633468406 0.799340549 0.919078092
3-Jul-99 05.8 5 5.8 0.342422681 0.62324929 0.792391689 0.913813852
4 *Jul*99 85.9 6 5 0.322219295 0.612703057 0.705329835 0.908465019
S-Jul-99 86 7 4.428571429 0.301029996 0.602059991 0.77815125 0.903089987
6*Jul*99 86.1 8 4 0.278753601 0.S91064607 0.770852012 0.697627091
7-Jul-99 86.4 9 3.666666667 0.204119983 0.556302501 0.748168027 0.880813592
a-Jul-99 86.7 10 3.4 0.113943352 0.51851394 0.72427587 0.06332286
9 *Jul-99 06.7 11 3.181018182 0.113943352 O.S18S1394 0.72427S87 0.06)32286

10-Jul-99 06.9 12 3 0.041392685 0.491361694 0.707570176 0.851250349
11 *Jul-99 07 13 2.846153846 0 0.4771212SS 0.698970004 0.84509804
12*Jul- 99 07.2 14 2.714285714 •0.09691001 0.447158031 0.681241237 0.832508913
13-Jul*99 87.4 15 2.6 •0.22184875 0.414973348 0.662757832 0.619S43936
U-Jul-99 87.7 16 2.5 •0.52207075 0.361727836 0.633468456 0.799D40549
15-JUl-99 87.9 17 2.411764706 -1 0.322219295 0.612783057 0.705329035
16-Jut•99 00 10 2.333333333 ftNUMt 0.301029996 0.602059991 0.77015125
17-Jul-99 00.2 19 2.263157895 BNUMI 0.255272505 0.579783597 0.763427994
lB-Jul-99 90.3 20 2.2 flmtN! 0.230440921 0.560201724 0.755074056
19-Jul-99 88.4 21 2.142857143 Dmmi 0.204119983 0.556302501 0.748108027
20-JUL-99 68.6 22 2.090909091 oinmt 0.146128036 0.531470917 0.73239376
21-JU1-99 00.7 23 2.043478261 ItlUHl 0.113943352 0.51851394 0.72427507

pvs
96 log(pwB-p) 

1.041)92605 
1.037426490 
1.029383778 
1.025305865 
1.012837225 
1.000600172 
1.004321374 

10.995635195
0.902271233
0.960402949
0.968402949
0.959041392
0.954242509
0.944402672
0.934490451
0.919070092
0.908485019
0.903009987
0.892094603
0.686490725
0.B80813S92

0.86923172
0.86332236

pvs
98 1ogtpw6*p) 

1.113943352 
1.11058971 
1.103803721 
l. 100370545 
1.0899051 LI 
1.086359031 
1.08278537 
1.079181296 
1.07554 6961 
1.064457989 
1.053070443 
1.053070443 
1.045322979 
1.041392685 
1.033423755 
1.025305865 
1.012837225 
1.004321374 

10.991226076
0.966771734
0.982271233
0.973127854
0.968482949

pv*s
100 log(pwo-p) 

1.176091259 
1.173166268 
1.167317335 
1.164.152056 
1.155336037 
1.152288344 
1.149219113 
1.146128036 

1.1430148 
1.133538908
1.123051641
1.123051641 
1.117271296 
1.113943352

1.10720997 
1.100370545 
1.089905111 

1.082705:17 
1.079101246 
1.071802007 
1.068185062 
1.064457989 
1.056904851 
1.053078443

pva
102 log(pva*p> 

1.230448921 
1.227006705 
1.222716471 
L.220)00000 
1.212)87604 
1.209515015 
1.206825876 
1.204119983 
1.201397124 
1.193124S98 
1.1846914)1 
1.184691431 
1.178976947 
1.176091259 
1.170261715 
1.164352856 
1.155336037 
1.1492)9113 
1.146128036 
1.139079006 
1.136720567 
1.133538908 
1.127104790 
1.123851641

PWB104 log(pHs-p) 
1.278753601 
1.276461804 
1.271841607 
1.269513944 
1.26245109 
1.260071388 
1.257678575 
1.2SS27 2505 
1.252853031 
1.245S12668 
1.230046103 
1.238046103 
1.23293611 
1.230448921 
1.225309282 

1.220100000 
1.212187604 
1.206025876 
1.204119983 
1.190657087 
1.195899652 
1.193124590 
1.187520721 
1.184691431

pv«
106 log<pws-p) 

1.322219295 
1.320146286 
1.315970345 
1.31306722 
1.307496030 
1.305351369 
1.303I960S7 
1.301029996 
1.290853076 
1.292256071 
1.285557309 
1.205557309 
1.201033367 
1.270753601 
1.274157849 
1.269512944 
1.. 2624S109 
1.257678575 
1.255272505 
1.250420002 
1.247973266 
1.245512668 
1.240549248 
1.238046103

HORHER PLOT OATA KUSKAT PWT DATA 

Pressure, t• .,.. ..... .... ..... ..... .,.. .,.. . """ .,,.. .,,. . 
Date pSlQ 24 Ot lt..,DtJ /Ot BB IOQ 1""8·P) 90 lOQl,,.,o·pJ 9l lOQ(tJW!l·P) 94 IOQlpwo•pJ 96 lOQIP"S•p) 98 lo; lpws·pJ 100 lOQ Cpwo·p) 102 log lpwB•PI 10, log lpws•p) 106 loolpwa•oJ 

lO•Jun-99 ·~ 0 o.n,uuss O. 69891000• 0.8450980• 0.95&2U509 1.0U)92605 l. 11)94))52 l.116091259 l.2lOU89:!l l.278753601 l. 32l219295 
:>.9•Jun·99 95.1 I 25 0. 46l39199B 0.69019600 0.8)8849091 0,9039000'1 1.03142608 l. lt0SB971 1.17)186268 l. 227086705 l.276461804 l.)20146286 
lO•Jun·99 05.J 2 1) o.,JD6J76< 0. 6'1209"18~18 0. 826074803 0.939~1925) 1. 029383778 l.103803721 l.167Jt7JJ5 l.222716411 1 . 2·1 I 84 Hi07 1.315970)45 

I •Jul ·99 os., 3 9 o. 414973348 0.661'1570:12 0.B19SO936 0.9)U984Sl 1. 02530586S 1. 100:noscs 1. l 64J520SC. l.2?.0100000 1. :269 51294 ~ I.JIJ06"122 
'il•Jul·99 o~;., • 7 O.)C.1'1:l"/836 o. 63)46045G 0. '199140549 0.919078092 1.0U8J7ll5 l.089905lll L lSSlJGOJ"/ 1. 212 I 87604 1.26245109 l .30'1'9G0)8 
J ·Ju1·99 BS .8 5 5.8 0,)4242l601 0,62J24921J 0. 792)91689 0.91J8138Sl l.008600172 I. 0963598 ll 1. l!,;2288344 l.209SlSOlS 1.l60071l98 l. 30535 IJ69 
4 •Jul •99 85.9 6 5 0.:122219195 0.61278)8$1 0. 785)29835 0.908485019 1.004)213'1 ◄ l.08278531 l, 10219113 l .20682S876 l. 257678575 1.303196057 
S•Jul•!J9 86 7 4.428571'29 0. 301029996 0.602059991 0. 17815125 0.90)089981 1 L07!HB12U 1. 1461280)6 l.20Ul998J l. 25527 2505 1.301029996 
6•JU1•99 86.1 8 • 0.27015360) 0.59lOU601 0, 770952012 0.897627091 0. 995635195 l.07SS469Sl 1.14)0148 l.201391124 1. lS285)03 l I. 298853076 
1•Jul•99 86.4 9 l .666666667 0.10411998) 0.556)02501 0. 748188021 O.BBOBIJ592 0.98227UlJ 1.064457989 1. \.))5)8908 l.193124598 l. 24 5S 12668 I. 292lS60'1\ 
8•Ju1 ·99 86. 1 10 ).4 O.t1J9tll52 0.Sl85JJ9t 0.12427587 0.86))2286 0.968492949 1.053018443 L 123851641 1.18'4691')1 l.ll8Cl4610l 1.285557309 
9•Jul·99 a,., 11 ).181818182 0.11)1'3)52 O.SIOSU94 0. "12427587 0.86))2286 0.968tU'49 1.053078443 1.Ul0516U 1.1846914)1 I. 2)8046103 1.J85~5'1309 

10•Jul•99 86.9 11 3 0.041392685 O.Ull61Ut 0. 701570116 O.BSUSBJO 0.9590.413'2 1.045322979 l, l 1'1211296 1. 1789769'1 1.2)299611 1.2110)))67 
ll•Jul·99 87 13 2.84615!8'6 0 0.471121255 0. 698970004 0.84509904 0.954242509 l. 0413926S5 I. 11)94))52 1. 1160912~9 1. 2)0449921 1.27875)601 
U•Jul·99 87 .2 14 2. 714285714 •0.0'691001 0.447159031 0.'81241231 O.BJl50991l 0.9tU82612 1.0))'2)755 I. 10720997 1. 17026171:» 1.22>309282 l .274151849 
13·Jul•99 01.t 15 2.6 •O,l218491S 0.41497))40 0. 662157832 0.0l954HJ6 0.934498451 I. 025305865 1.100370!145 1.164352856 I. 220108088 l .l€:95129U 
U•Jul•99 87, 7 16 2.5 ·O.Sl287875 0.)6172"18)6 0.6)34&8456 0. 799340549 0.919078092 I. 0128)7225 1.08990$111 1.15533603"1 1.211187604 1..2624S10!1 
15•Jul•99 87 .9 17 l.411764706 ·I O.Jl2219295 0. 612783857 0. 785)298)5 0.908485019 1.004321374 1.08l"I05H 1.14921911;1 I. 206825876 1..25'1678575 
16•JU1•99 00 18 2.Jll3lllll #Nmll 0. )01029996 O, 602059991 0,7'/0l:i1l5 0.90)089987 l 1.019101246 1. l46l'l8036 1,20411998) 1. ~55J'l 250S 
11·JU1·99 08. 2 19 2.26)157895 e!NUHI 0. 2552"12505 o.s·191a:is9·1 o. 76342'/!)94 0. 0920'4 603 0.991226076 1.071902007 l.1J9B'19Ufl6 1 .198657087 I. 250420002 - '· 18 ·Jul ·99 88. J 20 ,. 2 nrnJH! 0.2)04489'21 0.568201724 0. '1550'14 056 0. OOti490'12S 0. 986711734 I. 069185062 L 136720567 t .195899652 1. 241973266 
19•Jul ·99 98.t 21 2.142851143 QrnJMt 0. 20411998) 0.556)02501 0 .148109027 O.BB081J59l 0. 98227123) 1.06US7989 1.133539909 1.193124598 1.2,5512668 
20•J\Jl•99 80.6 22 2.090909091 Dtru>U 0.146129036 0.53147891"1 0. '132)9)16 O.B6923172 0.97)121654 1.056904951 1.127101190 1.18152072! 1. 2,osu2,e 
ll•Jul•99 88. 7 23 l.04H'i8l61 IHIJMI 0.113943352 0. 5185139t 0. 72427507 0.86lll286 0.968482949 I .05307844) 1. 12)851641 l.l8(69Ull I. 23804610) 



MUSKAT PLOT 

Leyden 1999 Pressure ~uildup Analysis 
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LEYDEN L&U REPORT 
December 2, 2002

Summary

No recent L&U calculations have been made at Leyden since June 1999. The 
following calculations cover July 1999 through April 2002 (~3years).

Calculations indicate 0.281 BCF 14.65 psi) less gas in storage than is being 
carried on the books. Therefore, an L&U adjustment of 281,038 MCF (@ 14.65 
psi) should be applied to the book volume by subtracting same from the book 
volume.

Four methods were used to evaluate the L&U gas as outlined below. The four 
methods were averaged to come up with the L&U figure.

Current period’s L&U, MCF (@14.65 psi) Method

225,973 1 (Muskat Plot)
208,995 2 (Vol in - Vol out)
300,000 3 (History)
389,185 4 (Horner Plot)

Method 1

Established an acceptable quiet period in between injection and withdrawal at 
the Leyden storage cavern. Performed an analysis of the Muskat plot of the 
pressure build-up data obtained from April 3, 2002 through April 30, 2002. The 
analysis indicated a stabilized cavern pressure of 132 psig. Obtained the 
theoretical volume of gas in the cavern by applying the stabilized PA/ 
relationship of 11.6 MMCF/psig which still represents the current operating
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carried on the books. Therefore, an L&U adjustment of281,038 MCF (@ 14.65 
psi) should be applied to the book volume by subtracting same from the book 
volume. 

Four methods were used to evaluate the L&U gas as outlined below. The four 
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Method 1 
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208,995 
300,000 
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(Vol in - Vol out) 
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Established an acceptable quiet period in between injection and withdrawal at 
the Leyden storage cavern. Performed an analysis of the Muskat plot of the 
pressure build-up data obtained from April 3, 2002 through April 30, 2002. The 
analysis indicated a stabilized cavern pressure of 132 psig. Obtained the 
theoretical volume of gas in the cavern by applying the stabilized PN 
relationship of 11.6 MMCF/psig which still represents the current operating 
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condition at Leyden. The L&U was obtained by establishing the difference 
between the book volume and the theoretical volume. Based on the data 
analyzed, it shows that theoretical volume was 365,173 MCF less than book 
volume.

Method 2

This method compared the book volume at end of June 1999 to the book volume 
at end of April 2002. The method also assumes the stabilized PA/ relationship of 
11.6 MMCF/psig to equate the two year’s end volumes to the same pressure.

Method 3

This is based on the historic trends. Documentation can be found in the 1/3/91 
Leyden L&U report.

Method 4

This method uses the Horner Plot Analysis of the pressure build up data. The 
stabilized pressure from the plot was 117.9 psig. The stabilized P/V relationship 
of 11.6 MMCF/psig was also applied to the stabilized pressure to obtain the 
L&U.

Nat Olowu
Senior Specialty Engineer 
Xcel Energy 
December 2, 2002
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HORNER PLOT — LEYDEN MINE DATA 
(April 3rd 2002 through April 30, 2002)
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HORNER PLOT --- LEYDEN MINE DATA 
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HORNER PLOT DATA s z MUSKAT PLOT DATA

M
i

O .

friinr*. C» P»* p*» P"» pwi pw»

Ditt 27 Dt <t*Dt>/Dt 120 log<pvs>p) 121 log(pv«*p! 122 log(pv*-p) 173 Log(p«».p) 124 log<p»«'p>

J-Apf*0) 117.09 0 0.3242I2ISS 0.492760309 0.613041022 0.7084209 0.71604121

4-Apr-03 118.14 1 20 0.269312914 0.456)6603) 0.5865*7)03 0.6166)6269 0.767097616

5*Apr*02 116.23 2 11.5 0.247973266 0.442479769 • O.S7634135 0.6703)0)79 0.761175013

6-Apr-Q2 U8.29 3 10 0.23299611 0.432969291 0.56937391 0.673020907 0.756636100

7-Apr-02 118.76 4 7.75 0.093421605 0.350240010 0.51054501 0.637365057 0.719)31287

S-Apr-0) 119.24 5 6.4 •0.11910641 0.245317660 0.440909002 0.375107045 0.677606953

9*Apr-02 118.04 6 $.5 0.064457969 0.33445)751 0.499607003 0.61909)331 0.712649702

lO-Apr-02 119.1 7 4.157142057 •0.04575749 0.27075)601 0.462397990 0.591064607 0.690)9600

U-Apr-02 119.4 0 4.375 •0.22164075 0.20411998) 0.414973340 0.556307501 0.6627578)2

12-Apr*02 119.31 9 4 •0.16115091 0.227806705 0.42975220 0.567026)66 0,671)72043

13-Apr-01 119.17 10 3.7 •0.06092191 0.26245109 0.4517064)6 0.503190774 0.60)947131

14-Apr*02 119.16 11 3.454545455 •0.07572071 0.264017023 0.4SJ31834 0.S64JJ1274 0.684045)62

15-Apr*0J 119.36 12 3.25 •0.19312003 0.21414)041 0.421603927 0.561101304 0.666517901

16«Apr>02 119.9 13 3.07692)077 -1 0.041392615 0.322219295 0.491361694 0.612703057

17-Apr*02 119.72 ) 4 7.92057)429 •0.53204197 0.10720997 0.357934047 0.51597)044 0.6)144)769

lB-Apr-02 120.03 15 2.0 •muni •0.01372027 0.294466236 0.472736449 0.590790507

19-Apr*02 120.se 16 2.6075 II MUM 1 -0.37675071 0.152200344 0.30)015)66 0.5)4026106

2Q-Apr*02 120.7 17 2.500235291 • NUMt •0.52207875 0.113943357 0.361777036 0,51051394

2l-Apr-03 120.42 10 2.5 • MUNI -0.2)657201 0.1906S7007 0.411619706 0.33:1803027

22 -Apr* 02 120.05 19 2.421052632 • HUN! •0.02327639 0.290034611 0.469022016 0.390597096

23-Apr-02 119.97 70 2.35 •1.52217075 0.013037225 0.J0749603I 0.401442629 0.603305046

2«*Apr-0J 120.45* 21 2.215714206 •MIN* -0.2596)731 0.190)3)690 0.40154010 0.530220353

2S-Apr-02 120.5 27 2.227272727 ItfUMI -0.3010) 0.176091259 0.397940009 0.544060044

26-Apr»02 120.4 23 2.173913043 •MUNI •0.22104075 0.204119903 0.41497)340 0.556302501

27*Apf*02 120.51 24 2.125 •MUNI •0.30900392 0.173166260 0.396199347 0.342025427

28-Api'-02 120.22 25 2.08 • MUNI -0.1079034 0.250420002 0.444044796 0.3774918

29-Apr-O) 120.16 26 2.038461530 • MUNI -0.07372071 0.264017023 0,45))1034 0.504)31224

<p
P—

125 logtp*«*p) 

0.•51165601 

©.•36324216 

0.03030*669 

0.02672)52 

0,79510159 

0.760422403 

0.709S00712 

0.770153012 

0.740101027 
0.755113266 
0.763668335 

0.766412647 

0.751275104 

0.707570176 

0.722633923 
0.696356309 

0.645423269 
0.633460456 

0.660865470 
0.694605199 
0.701567905 
0.650011997 
0.653212S14 
0.662757033 

0.632246341 
0.679427097 
0.604045367

126 log(p*j-pl 

0.909020854 

0.095422546 

0.090421019 

0.007054370 
0.059738566 

0.029946696 

0.054913022 

0.030049091 
0.01950936 

0.625426110 
0.034420704 
0.0350S6303 

0.032160079 

0.705329033 

0.797959644 
0.775974331 

0.733999207 

0.72427587 
0.746634199 
0.774516966 

0.700317312 
0.744292903 
0.740362609 
0.740110027 

0.739572344 
0.7619270JB 
0.766412047

u

pvs
120 iogl?«*p)1.004751156

0.993576915

0.9B9094S64

0.90721923

0.965671971

0.942504106

0.961895474

0.949390007
0.934490451
0.939019776
0.945960704
0.946452265

0.936513742

0.900485019

0.918030337
0.901450321

O.B70403905
0.06332206

0.879669206
0.900367129
0.904715545
0.077946952
0.875061263

0.680013592

0.874401010
0.890979597
0,894316063

V/
pwa

DO logtpvs'p) 
1.013144143 

1.074084609 

1.070776463 

1.068556895 
1.050766311 

1.031812271 
1.047664195 

1.037426498 

1.025305865 
1.02897770$ 
1.034628457 

1.0350292B2 
1.026941620 

1.004321374 

1.011993115 
0.990695150 

0.974050903 
0.960402949 

0.901365509 
0.997023001 
1.001300933 
0.900003372 
0.977723605 

0.902271233 
0.977266212 

0.990338055 
0.992995090

P«
132

Y
log(p*»*pl

1.149527014

1.14176)2)

1.13093394

1.137037455
1.121007905

1.105050674

1.119255009

1.11050971
1.100J70S4S
1.103461622
1.100226656

1.10I56S024

1.101747074

1.00270537

1.009190)67

1.07009415
1.057666104

1.053070443
1.063700559
1.077)67905
1.000265627
1.062501904
1.06069714

1.064457909
1.060320029

1.07114529
1.073351702

. ' 

HORNSR PWI' UI\TA C:j L I< 
HUSJtAT PLOT DATA 

0 (jJ u ·w 
hi. .s y 

Pr•••ar•• t• ., ... .,... .... .... .,.. . I"'"• .... P"• .... .... 
DAte patg n II< Ct•DU/Ot. u~ logtpva .. pl Ul log(P,.l•pJ 121 logtpw11•pl U) loglp•••p) .,, logl~•·PI us loglP,,••Pl 12, log(p;,••Pl 121 logl;,w-,•pl 110 loglpv,-pl l]J lcglp•a .. pl 

J-Apr•OJ 117.U 0 o.uunus o.,,2H0JO 0.6U941U2 o. '708410, o. n,ou21 O.ISlH960l o. !090101S4 1.oonsus, 1.0lllHlU l.1USJ'7014 

4-Apr•0J 118.H 25 0. :,,,, ,,, ' 0.45UHOJJ O.SH5UJO$ o.u,uun O. 1,11t?&U O,IJU142U o.e,su2so o.,u•"'" S.0740U6U 1.Ul1U2) 

5-Apr-02 118.2) > , ... 5 0.24197)266 0.4Ut19'769 0.576lt1J5 0,G'185lll79 o. 7611151U) 0,U0,0166' o.o,on1ou 0,9D9B94SG4 1 .01011,,,1 I.IJHJJ,, 

6•Apr-OJ ua.29 J 10 0,23299611 0,43>969291 0.SUJ7,l91 0,67.1020907 0,'1!16616108 0,026722S2 0.0810543'78 o. 981'2192) I ,068556&,S 1,1J7037U, 

7-Apr•02 llS.76 • ,. 75 o.o,JU16es O.JS02400U 0.51054501 0. 6l1J65857 O,'/UJJ1l87 o.u,u,s!.l 0,8S'7l8561 0.965671!1"11. 1,05016'311 l. l2IOD7U5 

B•Apr•OJ HS,24 5 , .. •0.11918641 0,24551260 o.uo,0,012 0, 5151078 tS 0.677606953 0, 76042'2483 0,8299466H 0.942504106 1.0318122'11 , • 1058506'1• 

9•Apr•Ol 116.14 ' s.s o.o,un,u O,JJUSl151 o.4,,u-rou 0,6U09Jlll 0,112649702 o. 719580112 o.es4,uo22 0.96le,s.n4 1.047664US 1.11'255109 

l0-Apr•02 119. l 4 .15'1U2151 ·0,04515'0 0,21115H01 o.u2n1n1 0,51lOIU01 0,6'0!'608 0. ll01520U: O,IJU49091 0.9U3'000"1 1.onuu,a 1.110SU'7l 

U-Af,r•Ol 1U.4 4.ns •0,22114815 o.2ou1nu 0,4149"1JJU 0,556)02501 0,H2"15'7832 0, Hlll1027 o.eusu,u 0.9JU9US1 l.01510:0BU 1, 100)70545 

12-Apr•Ol' 119.ll • ·0,1'1150'1 0.21,uno, o.u,1n21 0.5U02'U6 0,,11112143 0.1551U26' o.eisnuu 0.91901'71' 1.0J89"17105 l.lOJC,UJ2 

ll•Apr•OJ 11,.11 10 J., •0,080t2Ul 0.2ti245109 0.45111606 0,51Jl99l74 0,61J9471)1 0, 165HIS55 0,134420704 0. 945960704 l.OJ4U8457 1.101226'56 

14-Apr•Ol 119.1' 11 1 •• ,.,.,,.55 -0.0"1U207l o.2,,1111JJ o.,su,u• O.SIUJUlt 0,61UUlfi2 0.7Utl2ft7 O.IJ50Slil02 0. 9t&i5ll65 l,OJSOlUBJ 1.1ou,so2, 

lS•Apl'•OJ 119.3' 12 J.25 •O, Ull200l 0.214UJIU o.ouon:n 0,5'1101314 0.'6017981 o. ,su1,10, 0,IUU807' 0.9U:Sll'1t2 1.02,,una 1.1onoo,c 

1£•Apr-02 n,., I] l.0102l07"1 ·1 O.OUJU05 O.l2221929S 0.491l'1694 0,61211l8'S7 0. 10'7570176 0.'185l2'U5- 0.90148SOU I ,004l2U74 l,012"1851'7 

17-Apr•OJ su.,, .. ,.,,,s,1u, -o.s,,uu, 0.10120,,, O.lS79JOn 0,5Ulllttt o.,llul769 O. l22'J)t2l 0, 19795'644 0.918030)]'1 l.0119UllS 1.oa,uun 
1B•Apr•02 120. Ol 15 , .. ...... , -O.Oll22027 o. 294466226 0,412156449 o. 5'8790507 o.un~uu 0,1'159743)1 0,901'SIJ21 0.'9805151 1,07109415 

l9•Apr•02 120.S8 16 J.6075 ltlll'II -0.3'16'150'11 O, l522183U O.JDJ015J66 O, !.ilt 026106 o.,,s,222,, 0,'13199920'' 0 ,870401905 0, 9'14050901 1.os1G,no• 
20-Apr•OJ 120. 7 17 2,500'JJS29i IUUHI -0.512010'15 0.UJUJJ~2 0. )11727831 0,5t8Sll94 o.,JJ4'a,s, 0. 72t:37587 0.9'332286 0.,00290 l ,0530'11Ul 

2l•Apr•01 120.42 18 2.• INUill -0,3l5rt'l20l D.178651067 o.uui,10, 0,55]883021 0,6609'54'18 0,746'1419!1 o. a, ,,,120, 0,98lJ65SO!J 1.ou,oass, 
2l•Apr•OJ 110.05 " J,421052'32 111\litl •0,02221')' 0.29001Ull O.UUJJOU 0,5'65910'6 0.04'0SU7 0.77t5UHC 0.900161129 O,H7UJOl1 l,017U1'0S 

2l•Apr•OJ 11,.,., 20 2.JS •l,SUl'J'1'7S O.OUIJ'72J$ 0.J0'1UI0JI o ........ ,,,, o.,os1osCH, 0.1015,1,as 0,180l17JU 0,904'115545 t.00ll009)l 1.0102nn, 

2f•Apr•OJ 110.i; 11 2,2157141ai '"'"' ·0,1UtJ'1Jl 0.1,ouuu O.tOUtOU O .. U-Ol28JSJ O.ISJOlUJ7 o. , .. ,,,,.., 0#J'11!HO.52 O.H00<:3312 l.OUSUUt 

25•Apr•02 120.S 22 2.22,2121:n llltlll ·0.JOlOJ o. n,ou2u O.lfltt0009 o.~uo,eou o.,s1u2su 0, 1403'?5,Bt o.87S05l2U 0.'17'72J50S 1.0,0,,, ... 
2,-Apr•OJ 120., 1J 1,11l'1lOU llltlll -0.2211,0,5 0.20411''83 o.ou,un o.ssn02so1 o."2,s,u2 0.741111021 O,IIC-BllS92 O.H22l12lJ 1.06U51HJ 

27•J\pr'•02 120.Sl 24 2.12S IHIMI •0,JOH03'2 0.17JU6UB 0.3'6199)47 o.,uusn, 0.6522'6)41 0. '1395'12)44 0,0'14481110 O,J'172662U 1, 060120029 

2B•Apl'•0:l 110. 22 2g 2.00 lfHMI .. g. I 0790ts4 o.2so420002 (),,tUOH7Sl6 0.,111919 0 ,6'194:0,:78!)7 0,?6U270JII 0,090979597 o. ,,oJJeess l,07114tl2!1 

29•Apl"•Ol 120.U 26 2 .OJOt6 l!SJO ltll.t'II -0.0,s·,20•,i 0,21i401182J 0.45)JlBJ4 Cl,5U4Jlli2t 0,6004530 0.'166"12047 0,894316063 0,'929'5098 1.01JJS170l 




